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A  STUDY  OF  THE  RADIATIONS  EMITTED  BY  A  RIGHT 

VIBRATOR. 

By  Harley  R.  Willard  and  L.  Elmer  Woodman. 

I.    Introduction. 

There  are  two  views  regarding  the  nature  of  the  radiation  emitted 
by  a  Hertz  vibrator.  Sarasin  and  de  la  Rive/  Garbasso,^  and 
others,^  interpreting  their  experiments,  came  to  the  conclusion  that 
each  vibrator  sends  out  all  wave-lengths  within  certain  wide  limits, 
and  that  each  resonator  picks  out  from  these  different  vibrations  the 
one  corresponding  to  its  own  period.  The  name  of  **  multiple 
resonance  "  was  given  to  this  phenomenon. 

Poincare,*  Bjerkness,*^  and  others  ^  have  a  different  view.  They 
are  of  the  opinion  that  each  vibrator  sends  out  only  vibrations  of  a 
single  period  which  are  highly  damped,  and  that  the  **  multiple 

>  Sarasin  and  de  la  Rive,  Compt.  Rend.,  p.  439,  1892. 

>Garbasso,  Journal  de  Physique,  Vol.  22,  p.  259,  1893. 

•Waitz,  Wied.  Ann.,  Vol.  41,  p.  435-447;  Geitler,  Wied.  Ann.,  Vol.  66,  p.  999, 
1898;  Gutton,  Journal  de  Physique,  Dec.  1901,  p.  752  ;  Klemencic  and  Czermak, 
Wied.  Ann.,  Vol.  50,  p.  175  ;  Trouton,  Nature,  Vol.  41,  p.  295,  1890;  Garbasso  and 
Aschkinass,  Wied.  Ann.,  Vol.  53,  p.  534;  Swingedauw,  Arch,  des  Sci.  Phys.  et  Nat. 
de  Geneve,  Vol.  3,  p.  476,  1897;  St.  John,  Phil.  Mag.,  Vol.  88,  p.  425,  1894;  La- 
motte.  Journal  de  Physique,  Oct.  1901,  p.  589. 

♦H.  Poincai^,  "Electricity  et  Opliquc,"  Vol.  2,  p.  250. 

*Bjerkness,  Wied.  Ann.,  Vol.' 44,  p.  92,  1891. 

•Bose,  Phil.  Mag.,  Vol.  43,  p.  55  ;  Dnide,  Journal  de  Physique,  Vol.  26,  p.  643; 
Wied.  Ann.,  Vol.  61,  p.  631,  1897;  Arch,  des  Sci.  Phys.  et  Nat.  de  Geneve,  Vol.  3, 
P'  554f  1897 ;  Strindberg,  Journal  de  Physique,  Vol.  24,  p.  142,  1895  ;  Planck,  Wied. 
Ann.,  Vol.  60,  p.  577,  599,  1897 ;  Decombe,  Journal  de  Physique,  Vol.  28,  p.  450, 
1899;  Heru,  "  Electric  Waves." 
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resonance  "  effects  obsen'ed  by  Sarasin  and  de  la  Rive  and  others 
are  due  to  the  damped  character  of  these  vibrations.  They  sup- 
port these  views  by  theory  and  experiment. 

The  experiments  described  in  this  paper  were  undertaken  for  the 
purpose  of  determining :  {a)  the  nature*  of  the  radiation  emitted  by 
a  Righi  vibrator ;  {p)  the  dependence  of  the  length  of  a  linear  re- 
ceiver upon  the  wave-length  with  which  it  is  in  resonance.  This 
problem,  however,  resolved  itself  into:  (i)  the  measurement  of  the 
energy  received  from  the  same  vibrator  by  resonators  of  different 
lengths,  and  (2)  the  measurement  of  the  wave-lengths  obtained  with 
different  resonators. 

II.    The  Apparatus. 

The  Vibrator,  —  Two  Righi  *  vibrators  were  used  in  these  experi- 
ments, one  twice  the  linear  dimensions  of  the  other.  The  mounting 
and  arrangement  of  parts  is  shown  in   Fig.  i.     Spheres  3  and  4 


Fig.  1. 


Fig.  2. 


were  fastened  to  the  glass  rod  AB  by  means  of  hard  rubber  rods, 
and  to  these  spheres  were  attached  the  lead  wires  from  the  induc- 
tion coil.  Spheres  i  and  2  were  supported  in  a  glass  cylinder  filled 
with  olive  oil.  This  makes  two  spark-gaps  at  which  the  spark 
passes  in  air,  and  one  at  which  the  spark  passes  in  oil.     It  is  the 

»  Righi,  Mem.  del  R.  Acad,  dei  Sc.  del  Inst  di  Bologna,  T.  IV.     1894. 
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latter  discharge  which  sets  up  the  train  of  waves  studied  in  these 
experiments,  although  there  seemed  at  times  to  be  good  reasons  for 
thinking  that  the  other  discharges  also  caused  wave  trains  which 
had  more  or  less  effect  upon  the  receiver. 

In  the  smaller  vibrator  the  spheres  3  and  4  were  20  mm.  in  diam- 
eter and  the  spheres  i  and  2  were  25.4  mm.  In  the  larger  vibrator 
the  diameter  of  the  smaller  spheres  was  20  mm.,  and  of  the  larger 
50.8  mm.  The  large  spheres  had  to  be  taken  out  and  polished 
frequently  because  the  energy  of  the  vibrations  fell  off  rapidly  as  the 
surface  of  the  spheres  at  the  spark-gap  deteriorated. 

The  Receiver.  —  The  receiver  used  was  very  similar  to  the  Klem- 
encic  thermo-element  used  by  A.  D.  Cole.^  Fig.  2  shows  the  general 
construction  of  a  thermo-j unction,  various  modifications  of  which 
were  used.  Two  strips  of  copper  foil  were  fastened  by  means  of 
shellac  to  two  of  the  arms  of  a  wooden  cross  EF.  To  one  of  the 
copper  strips  an  iron  wire  0.04  mm.  in  diameter  was  soldered,  and 
to  the  other  a  constantan  wire  o.  1 07  mm.  in  diameter.  At  the  middle 
of  the  gap,  between  the  copper  strips  the  wires  were  crossed  and 
the  ends  soldered  at  C  and  D  to  copper  wires  leading  to  the  gal- 
vanometer. The  copper  wires  were  carried  back  on  each  side 
through  holes  in  the  wooden  cross,  leaving  loops  through  which 
rubber  bands  were  passed.  Good  contact  between  the  wires  of  the 
thermo-j  unction  was  obtained  by  keeping  the  rubber  bands  extended. 
The  resistance  of  such  a  thermo-j  unction  was  about  one  ohm. 

The  Parabolic  Mirrors,  —  The  vibrator  and  receiver  were  each 
placed  in  the  focal  line  of  a  cylindrical  parabolic  mirror.  Two 
pairs  of  mirrors  were  used.  With  the  vibrator  having  the  2.54 
cm.  spheres  the  mirrors  were  30  cm.  high  by  38  cm.  wide,  and  of 
3.7  cm.  focal  length.  The  other  mirrors  used  with  the  vibrator 
having  the  5.08  cm.  spheres  were  64  cm.  high  by  90  cm.  wide  a 
the  opening,  and  of  10  cm.  focal  length. 

In  the  determination  of  the  energy  curves,  given  later,  the  length 
of  the  receiver  was  shortened  between  successive  series  of  measure- 
ments. To  accomplish  this  with  the  least  jar  or  disturbance  to  the 
thermo-junction,  the  receiver  was  attached  to  a  glass  tube  which 
passed  through  a  hole  in  the  back  of  the  mirror  and  which  carried 
1  A.  D.  Cole,  Physical  Review,  Vol.  IV.,  No.  19.    July- August,  1896. 
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the  wires  connecting  the  receiver  to  the  galvanometer.  The  re- 
ceiver could  thus  be  easily  removed,  the  ends  shortened,  and  again 
replaced. 

The  Galvanometers,  — The  galvanometers  were  four-coil  reflecting 
galvanometers  of  the  Thomson  type.  The  resistance  of  the  four 
coils  connected  in  multiple  was  five  ohms.  The  sensitiveness  of 
galvanometer  A  was  8xio~'  and  of  galvanometer  B  4x10"*, 
for  a  period  of  twelve  seconds. 

The  arrangement  of  the  apparatus  in  the  first  series  of  experi- 
ments is  shown  in  Fig.  3.     The  two  galvanometers  are  shown  at 


Fig.  3. 

A  and  B,  The  relative  positions  of  the  vibrator  and  receiver 
mirrors  are  at  V  and  R,  The  distance  between  the  vibrator  and 
receiver  was  varied  until  the  radiation  falling  on  the  receiver  in  the 
mirror  R,  gave  a  convenient  working  throw  of  galvanometer  B, 
The  induction  coil  was  placed  at  /.  The  disturbing  influence  of  the 
induction  coil  upon  the  galvanometers  was  reduced  to  a  minimum 
by  rotating  the  coil  and  a  correction  was  added  to  the  galvanometer 
deflections  for  the  uneliminated  disturbance,  which  was  small.  The 
circuits  leading  to  the  galvanometers  were  twisted  to  prevent  any 
disturbance  from  induced  currents. 
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Accidental  thermal  disturbances  were  eliminated  as  far  as  possible 
by  wrapping  all  connections  in  cotton  and  by  placing  sheets  of  card- 
board over  the  apertures  of  the  mirrors. 

To  eliminate  variations  in  the  intensity  of  the  emission  of  the 
vibrator,  the  plan  of  Klemencic  and  Czermak*  of  a  "control"  re- 
ceiver (c.  Fig.  3)  placed  in  the  vibrator  mirror  was  adopted.  No 
change  was  made  is  this  thermo-j unction  during  any  one  series  of 
readings.  Its  lead  wires  were  attached  to  galvanometer  A,  In 
each  set  of  readings  the  throws  of  both  galvanometers  were  taken 
and  the  ratios  of  the  two  throws  were  very  nearly  constant  for  any 
one  set  of  conditions.  After  taking  these  precautions  the  sets  of 
readings  were  consistent  in  themselves,  and  also  from  day  to  day. 

Before  each  series  of  measurements  the  two  galvanometers  were 
carefully  adjusted  to  the  same  period.  This  adjustment  under  or- 
dinary circumstances  held  for  an  hour  or  more  without  change,  thus 
giving  ample  time  for  the  determination  of  the  ratios  for  any  one 
receiver  length.  Before  each  observation  conditions  of  quiet  for 
both  galvanometers  were  awaited.  A  key  closing  the  primary  cir- 
cuit of  the  induction  coil  was  then  pressed  and  the  vibrator  held  in 
operation  until  the  end  of  the  first  throw  of  the  galvanometers. 
The  key  was  then  opened  and  the  turning  point  of  the  return  throw 
observed.  The  difference  between  the  scale  reading  of  the  turning 
point  of  the  first  throw  and  the  mean  of  the  zero  position  and  turning 
point  of  the  return  swing  was  taken  as  the  deflection.  To  the  deflec- 
tion thus  obtained  small  corrections  were  added  to  eliminate  the 
slight  disturbing  action  of  the  induction  coil  upon  the  needle  systems. 

Ordinarily  ten  observations  constituted  a  series  and  the  mean  of 
the  ratios  of  the  deflections  of  the  two  galvanometers  determined 
the  ratio  for  one  length  of  the  receiver.  The  note-book  record  of 
one  such  series  is  shown  entire  in  Table  I. 

In  this  way  ratios  were  obtained  for  different  lengths  of  the  receiver, 
varied  by  steps  from  173  mm.  to  16  (nni.  These  ratios  are  exhibited 
in  Table  II.  and  plotted  as  an  energy  curve  in  No.  2,  Fig.  4,  in 
which  receiver  lengths  are  shown  as  abscissae  and  ratios  as  ordinates. 

This  operation  was  repeated  with  three  other  receivers  of  varying 
widths  and  construction  using  the  smaller  vibrator,  and  also  with 
three  different  receivers,  using  the  larger  vibrator  as  a  source. 

*  Klemencic  and  Czermak,  Wied.  Ann.,  Vol.  50,  p.  175. 
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Table  I. 

Fa,  27,  1902.     Period  14.2  sec. 

Length  of  Each  Copper  Strip  14.5  mm 

Total  Length  of  Thermo-Junction  32  mm. 

Galvanometer  A. 

Galvanometer  B. 

II 

First 

Turning 

Point. 

1 

|8 

II 

Pi  00 

1 

bl  , 

1 

Corrected 
Deflection. 

on 

25.75 

29.05 

33.45 

6.05       5.68 

20.00  i  20.80 

22.40 

2.00        1.92 

.338 

25.95 

29.05 

33.35 

5.85 

5.48 

20.05    20.80 

22.40 

1.97        1.89 

.345 

25.95 

29.24 

33.65  !  6.05 

5.68 

20.04    20.80 

22.50 

2.08   1     2.00 

.352 

26.00 

29.38 

33.95  ,  6.26 

5.89 

19.97 

20.80 

22.50 

2.11   !     2.03 

.345 

25.70 

29.70 

34.95     7.25       6.88 

19.80 

20.78 

22.74 

2.45   1    2.37 

.344 

26.35     29.90 

34.65     6.52      6.15 

19.65 

20.50 

22.25 

2.17        2.09 

.340 

26.65     30.35 

35.30    6.80   ;    6.43 

19.14 

20.10 

22.00 

2.38        2.30 

.358 

26.70 

30.62 

35.90 

7.24       6.87 

18.80 

19.80 

21.80 

2.50   1     2.42 

.352 

26.85 

30.66 

35.85 

7.09      6.72 

18.84  \  19.82 

21.80 

2.47   ,     2.39 

.356 

27,35 

30.90 

35.65 

6.52  1    6.15 

18.84    19.70 

21.50 

2.23        2.15 

.350 

27.35 

31.10 

36.10  t  6.87       6.50 

18.68    19.60 

21.48 

2.34        2.26 
Mean 

.348 
.348 

Ti^ 

.BLE   II. 

Total  Length 
of  Resonator. 

Ratio 
Galv.  B. 
Galv.  A.       1 

Tc 
of 

>tal  Leni 
Resonat 

rth 

or. 

Ratio 
Galv.  B. 
Galv.  A. 

.972 

Toti 
lofR 

il  Length 
esonator. 

31 

Ratio 
Galv.  B. 
Galv.  A. 

173 

.366 

77 

.263 

161 

.382 

73 

.882 

29 

.307 

152 

.386 

59 

.603 

27 

.241 

142 

.408 

49 

.476 

25 

.211 

133         1 

,438 

45 

.434 

23                  .212 

113 

.570 

43 

.400 

21                   .140 

93 

.883       1 

41 

.360 

i 

19 

.144 

89 

,922        1         39 

.375 

17 

.165 

85 

1.003 

37 

,1^1 

16 

.073 

81 

_ 

1.022 

33 

__ 

.298 

Discussion  of  the  Energy  Curves,  —  The  curves  i  to  4,  Fig.  4,  were 
obtained  by  using  the  smaller  vibrator,  operated  by  a  10  cm.  spark 
length  induction  coil  driven  by  four  storage  cells.  The  receiver 
and  vibrator  were  152  cm.  apart.  The  same  "control"  receiver 
{c.  Fig.  3)  was  used  for  the  four  curves.     The  copper  strips  on  this 
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therm o-j unction  were  each  4.4  mm.  wide  and  30  mm.  long.  The 
space  between  the  two  copper  strips  was  2  mm.,  making  the  total 
receiver  length  equal  to  62  mm.  The  small  iron  and  constantan 
wires  were  soldered  at  the  junction  so  that  no  tension  was  required 
to  insure  contact.  This  "  control  "  receiver  was  placed  9  cm.  in 
front  of  the  spark  gap  of  the  vibrator. 

The  characteristic  points  on  energy  curves  i,  2,  3  and  4  are 
shown  in  Table  III.  with  specifications  of  the  receiver  used  in  each 
case. 

Table  III. 


■ 

1     No.  1. 

No.  a. 

No.  3. 

No.  4. 

Mean. 

Width  of  resonator  strips. 

1*  4.6  mm. 

4.6  mm. 

No.  18 
Cu  wire. 

3     mm. 

Length  of  fine  wire  connecting 

resonator  halves. 

3     mm. 

3     mm. 

1.6  mm. 

2.3  mm. 

First  maximum. 

80.0? 

82.5 

8LS 

80.5? 

8L1 

Second     ♦• 

4LS 

39.0 

4L5 

40.2 

40.55 

Third       " 

1 

29.0 

26.0? 

29.0? 

28.0 

Additional  maxima. 

1 

I. 

SL9 

56.5 

54.2 

2. 

17.0 

18.0? 

17.5 

3- 

! 

70.2 

70.2 

As  the  ratio  of  width  to  length  in  the  shortened  receiveis  was 
relatively  large,  receivers  of  different  widths  were  studied  to  dis- 
cover any  effect  upon  the  energy  curves  traceable  to  a  greater  or 
less  constriction  of  the  stream  lines  traversing  the  thermo-junction. 

The  curves  apparently  show  either  an  emission  of  the  vibrator 
corresponding  to  a  damped  fundamental  vibration  with  one,  two,  or 
three  less  clearly-marked  maxima,  some  of  which  stand  in  nearly 
the  same  numerical  relation  to  the  fundamental  as  upper  partial 
vibrations  in  a  stretched  string;  or  the  emission  of  a  continu- 
ous spectrum  with  accented  fundamental  and  upper  partial  vibra- 
tions. The  former  interpretation  corresponds  to  the  conclusions 
drawn  by  Bjerkness,  Poincare  and  others,  and  the  latter  to  the 
views  of  Sarasin  and  de  la  Rive  and  their  followers.  So  far  as  the 
writers  are  aware,  none  of  the  above  investigators  took  any  account 
of  upper  partial  vibrations. 
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In  the  first  curve  a  fundamental  and  the  first  upper  partial  not 
very  clearly  marked  appear.     The  thermo-j  unction  was  accidentally 
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broken  in  the  process  of  shortening  the  receiver  just  before  the 
length  corresponding  to  the  second  upper  partial  was  reached.  So 
few  points  were  observed  on  this  curve  in  the  region  of  the  maxi- 
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mum  corresponding  to  the  fundamental  vibration  as  to  leave  the 
receiver  length  corresponding  to  this  maximum  somewhat  in  doubt. 

The  second  curve  was  the  most  characteristic  one  secured.  It 
shows  a  well-defined  maximum  corresponding  to  a  fundamental  and 
two  fairly  distinct  maxima  corresponding  to  the  first  two  upper 
partials. 

In  curve  3  the  course  of  the  energy  curve  is  .less  regular,  but  the 
fundamental  and  first  two  upper  partial  maxima  appear.  For  a  re- 
ceiver length  of  about  26  mm.  a  doubtful  maximum  occurs. 

Curve  4  is  the  least  satisfactory  of  the  group  in  that  the  funda- 
mental maximum  appears  to  be  very  complex  and  not  sharply  de- 
fined. At  the  point  corresponding  to  what  has  been  called  the 
first  upper  partial  on  the  foregoing  curves,  a  well-defined  maximum 
appears.  At  the  position  corresponding  to  the  second  upper  par- 
tial in  curve  2,  there  is  only  a  slight  kink  in  the  curve.  At  a  re- 
ceiver length  of  18  mm.  indications  of  an  additional  maximum  ap- 
pear, but  the  thermo-j unction  was  unfortunately  broken  in  handling 
before  its  position  was  defined.  It  resembles,  however,  in  position 
the  last  maximum  on  curve  2,  which  is  not  far  from  the  position  for 
a  third  upper  partial. 

Curves  3  and  4  show  maxima  at  one  or  two  other  points  in  their 
length,  which  are  recorded  in  the  table  as  additional  maxima. 

In  order  to  see  if  there  was  any  simple  linear  relation  between 
the  length  of  receiver  giving  the  fundamental  maximum  and  the 
diameter  of  the  larger  spheres  in  the  vibrator,  energy  curves  5,  6 
and  7  were  obtained  in  the  same  manner,  but  using  a  vibrator  in 
which  the  diameter  of  the  larger  spheres  was  twice  as  great.  For 
curves  5  and  6  the  vibrator  was  operated  by  the  same  induction 
coil  as  for  the  first  four  curves.  The  **  control  "  receiver  (c.  Fig. 
3)  was  made  of  copper  strips  4  mm.  wide,  with  a  space  of  1.5  mm. 
between  them,  making  the  total  length  of  the  receiver  163.5  ^"^• 
It  was  placed  18  cm.  in  front  of  the  spark  gap.  The  distance  be- 
tween the  focal  lines  of  the  parabolic  mirrors  was  187  cm.  for  curve 
5  and  150  cm.  for  curve  6.  For  curve  7,  a  20-cm.  spark-gap  in- 
duction coil  driven  by  2 1  storage  cells  was  used.  It  was  placed  in 
another  room  about  no  feet  from  the  vibrator  and  rotated  so  as  to 
reduce  to  a  minimum  the  magnetic  effect  upon  the  galvanometers. 
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The  **  control  "  receiver  was  cut  down  to  158  mm.  and  the  vibrator 
and  receiver  were  placed  273  cm.  apart. 

Table  IV.  gives  the  dimensions  and  details  of  construction  of  the 
three  thermo-j unctions  used  and  also  the  total  receiver  lengths  cor- 
responding to  the  maxima  on  the  three  curves. 

Curve  5  shows  a  very  distinct  fundamental  and  two  upper  par- 
tials.     The  maximum  of  the  second  upper  partial  is  so  broad  that  it 


Table 

IV. 

No.  5. 

No.  6. 

No.  7. 

Mean. 

Width  of  resonalor  strips. 

4  mm. 

4  mm. 

4  mm. 

Length  of  fine  wire  connect- 

ing resonator  halves. 

2     ** 

2     *' 

L7     - 

1st  Maximum.                           ' 

154 

158 

156? 

156.0 

2d          *« 

80 

79? 

76 

78.3 

3rd 

56? 

58 

57.0 

Additional  Maxima.                 1 

'•                                   1 

148 

148 

2.                                   1 

131 

131 

is  difficult  to  determine  just  what  receiver  length  would  correspond 
to  it,  but  the  first  upper  partial  gives  a  very  distinct  maximum  on 
the  curve. 

Curve  6  shows  a  shirp  maximum  for  the  fundamental,  and  one 
upper  partial,  not  so  clearly  marked  as  the  corresponding  one  in 
curve  5. 

Curve  7  is  more  complex  around  the  fundamental  than  either  of 
the  other  two.  By  comparing  it  with  curves  5  and  6  it  seems  that 
the  slight  elevation  on  the  right  side  of  the  curve  may  be  the  funda- 
mental but  the  evidence  is  not  convincing.  There  are,  however, 
two  upper  partials  present  which  correspond  very  closely  with  the 
upper  partials  of  curve  5.  In  this  curve  there  are  two  additional 
maxima  which  seem  to  have  no  simple  relation  to  the  assumed 
fundamental,  and  two  upper  partials. 

A  study  of  these  three  curves,  as  well  as  of  the  four  curves 
obtained  with  the  smaller  vibrator,  seems  to  show  that  the  funda- 
mental radiation  sent  out  by  a  Righi  vibrator  becomes  more  com- 
plex the  longer  the  vibrator  is  used  in  spite  of  the  fact  that  the  sur- 
faces in  oil  were  frequently  repolished. 
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The  smaller  secondary  maxima  occur  upon  the  steeply  descend- 
ing sides  of  the  general  energy  curve  and  it  might  therefore  be  ex- 
pected that  some  displacement  toward  the  side  of  a  longer  receiver 
should  be  looked  for.  Although  this  might  explain  the  apparent 
displacement  of  the  second  upper  partial  in  the  longer  vibrator,  no 
plain  evidence  of  it  can  be  detected  in  the  corresponding  upper  par- 
tial of  the  smaller  vibrator.  On  the  other  hand,  the  shorter  receiver 
actually  takes  up  less  energy  than  a  longer  receiver.  If  the  energy 
readings  are  divided  by  the  length  of  the  receiver,  the  curve  would 
not  fall  so  rapidly  and  the  observed  maxima  would  be  displaced 
toward  the  shorter  lengths  and  would  be  more  pronounced.  Other 
conditions  which  might  alter  the  position  of  maxima  on  the  curves 
are  : 

First,  the  resistance  in  the  thermo-j unction  of  the  receiver  might 
be  changed  by  a  jar  or  strain  in  clipping  off  the  ends  between  two 
series.  The  greatest  care  possible  was  exercised  in  this  process  to 
avoid  any  shocks  or  strains  which  might  produce  such  a  change  of 
resistance. 

Second,  any  change  or  deterioration  in  the  spark  gap  of  the 
vibrator  producing  a  change  in  its  emission  might  not  affect  both 
receivers  in  the  same  degree. 

Third,  in  comparing  the  receiver  lengths  for  the  fundamental  and 
upper  partial  vibrations,  it  must  be  borne  in  mind  that  the  ratios  of 
width  to  length  of  the  receivers  were  very  different  for  the  different 
lengths. 

It  is  very  probable  that  the  results  obtained  in  these  experiments 
are  not  due  to  the  vibrator  alone,  but  rather  to  the  combined  action 
of  vibrator  and  receiver.  The  fact  that  the  curves  all  show  a  funda- 
mental and  one  or  more  upper  partials  when  the  receiver  was 
changed  and  the  vibrator  was  kept  the  same,  seems  to  show  that 
the  form  of  the  curve  was  determined  more  by  the  characteristics  of 
the  vibrator  than  by  those  of  the  receiver. 

While  the  experimental  data  is  insufficient  to  warrant  rigid  con- 
clusions, it  is  worthy  of  notice  that  the  ratio  of  the  diameters  of  the 
large  spheres  in  the  two  vibrators  is  very  nearly  equal  to  the  ratio 
of  the  receiver  lengths  which  correspond  to  the  fundamentals,  as 
determined  from  the  energy  curves.     The  work  with  the  interferom- 
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eter,  which  is  given  in  the  next  section,  was  taken  up  to  detennine 
whether  the  same  ratio  would  hold  between  the  fundamental  wave- 
lengths emitted  by  the  two  vibrators. 

III.  Interferometer  for  Measuring  Wave-lengths. 
In  measuring  the  wave-length  of  our  vibrations,  we  made  use  of 
the  interferometer,  as  arranged  by  G.  F.  Hull,*  in  1896.  A  descrip- 
tion of  the  instrument  will  be  given  below.  The  interferometer 
seemed  best  for  our  use.  In  the  Quincke  tube  arrangement,  A  has 
been  found  by  Drude  to  depend  upon  the  diameter  of  the  tube.  On 
this  account  the  Quincke  tube  was  not  adapted  to  the  conditions  of 
our  experiment. 

The  relatively  long  path  between  receiver  and  vibrator  in  the 
Boltzmann  mirrors  and  the  shadowing  of  one  mirror  by  the  other, 
cause  a  diminution  of  energy  and  give  poor  conditions  for  interfer- 
ence. There  is  no  such  shadowing  in  the  interferometer,  and  the 
distances  can  be  made  relatively  small  without  affecting  the  success 
of  the  experiment.  The  plan  of  the  interferometer  is  shown  in  Fig.  5. 
The  mirrors  V  and  R,  containing  the  vibrator  and  receiver,  are 

those  described  in  Part  II.  M^ 
and  J/j  are  plane  mirrors  for  re- 
flecting the  waves  at  normal  inci- 
dence. They  were  constructed  of 
wood  and  covered  with  tin  foil. 
When  the  smaller  vibrator  was 
used,  these  mirrors  were  51  cm. 
long  by  38  cm.  high.  When  the 
larger  vibrator  was  used,  the  mir- 
rors were  1 1 1  cm.  long  by  70 
cm.  high.  Difference  of  path  was 
obtained  by  the  movement  of  M^ 
along  the  ways  Ty  and  distances 
were  measured  by  means  of  the 
scale  W,  The  separating  surface  * 
5  was  made  of  strips  of  tin  one 
cm.  wide  and  of  varying  lengths  so  that  the  whole  separating  sur- 

»G.  F.  Hull,  Physical  Review,  Vol.  28,  1897. 
«  G   F.  Hull,  1.  c. 


Fig.  5. 
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face  would  not  be  in  resonance  with  any  particular  wave-length. 
They  were  hung  over  an  iron  rod  and  were  held  in  one  plane  at  the 
bottom  by  a  strip  of  wood.  The  grating  space  —  the  distance  be- 
tween the  centers  of  the  strips  —  was  changed  for  each  receiver  to 
secure  equality  between  transmission  and  reflection.  To  determine 
the  grating  space,  the  mirrors  J/,  and  M^  were  removed,  and  the 
positions  of  the  tin  strips  were  adjusted  until  the  energy  reflected 
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Fig.  7. 

from  the  grating  was  equal  to  the  energy  transmitted,  A  graduated 
force  table  was  used  for  measuring  angles. 

In  curve  i,  Fig.  6,  it  was  found  that  the  condition  for  equal 
reflection  and  transmission  was  obtained  when  the  grating  space 
was  equal  to  1 2  cm. ;  in  curves  2,  3  and  4,  Figs.  7  and  8,  when  it 
was  equal  to  8  cm.,  6  cm.  and  8.9  cm,,  respectively. 

When  the  grating  space  had  been  determined  for  each  vibrator 
and  receiver,  the  vibrator  was  placed  in  its  mirror  and  a  resonator 
of  the  required  dimensions  was  constructed  and  placed  in  the  focal 
line  of  the  receiving  mirror.  The  mirrors  were  then  arranged  as 
indicated  in  Fig,  5. 

The  frequent  repolishing  of  the  vibrator  spheres  usually  did  not 
affect  the  ratios  of  the  two  galvanometer  throws,  but  sometimes  it 
caused  a  deviation  of  a  few  per  cent,  which  resulted  in  an  upward 
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or  downward  displacement  of  the  interference  curve.  The  vibrator 
was  never  disturbed  while  working  in  the  regions  of  the  maxima  and 
minima,  so  that  any  variation  of  ratio  would  not  affect  the  value  of 
the  wave-length. 

The  Measurement  of  Wave-lengths,  —  The  measurement  of  the 
wave-length  consisted  in  taking  readings  for  different  positions  of  the 
movable  mirror,  going  through  the  whole  curve  and  retracing  the 
path,  and  from  these  readings  in  plotting  an  interference  curve. 
The  curve  consisted  of  well-marked  maxima  and  minima,  and  the 
distance  between  two  maxima  or  two  minima  was  equal  to  one  half 
wave-length  of  the  vibration.  The  readings  on  the  scale  of  the 
movable  mirror  were  used  as  abscissae  of  the  curve  and  the  ratios  of 
the  two  galvanometer  readings  as  ordinates.  The  method  of  taking 
the  readings  was  as  follows : 

Starting  with  no  difference  of  path,  readings  were  taken  in  order 
through  the  different  maxima  and  minima  of  the  curve.  Near  the 
maxima  and  minima  the  readings  were  taken  very  close  together, 
in  order  definitely  to  determine  these  points.  At  a  maximum  or 
minimum,  two  readings  were  taken  every  few  millimeters  on  both 
sides  and  around  these  parts  of  the  curve.  In  this  way  the  curve 
was  gone  over  three  times,  and  at  least  six  readings  were  taken  at 
every  point,  the  mean  of  these  readings  being  the  value  plotted. 
This  was  done  to  eliminate  as  far  as  possible  the  influence  of  irregu- 
larities in  the  action  of  the  vibrator  and  galvanometer,  and  in  exter- 
nal conditions.  At  intermediate  points  of  the  curve,  three  or  four 
readings  were  taken  at  intervals  of  one  or  two  centimeters.  In  this 
way  the  interference  curves  were  obtained,  and  the  positions  of 
three  maxima  and  four  minima  in  each  curve  were  determined. 

In  the  case  of  the  smaller  spheres,  only  the  wave-length  of  the 
fundamental  vibration  was  measured  ;  for  it  was  thought  that  there 
would  not  be  enough  energy  to  make  accurate  measurement  pos- 
sible in  the  upper  partial  vibrations.  In  the  larger  vibrator  the 
wave-lengths  of  the  fundamental  and  two  upper  partials  were 
sought.  The  wave-lengths  as  determined  by  the  interference  curves 
are  given  in  Table  V. 

Non- Effect  of  Grating  Space  on  h  —  It  was  not  known  whether 
the  grating  space  exerted  any  influence  on  the  wave-length.     Two 
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series  of  measurements  were  therefore  made  to  determine  what  this 
effect  was.  Curves  5  and  6,  Fig.  8,  show  the  results  of  this  work. 
Only  a  portion  of  the  interference  curve  was  obtained  in  each  case ; 
for  since  the  difference  in  grating  space  was  taken  between  such 
wide  limits,  it  was  thought  that  a  few  points  of  the  curve  would 
show  whether  the  grating  space  had  any  appreciable  effect  on  the 


Table  V. 

Large  Vibrator. 

Small  Vibrator. 

Fundamental. 

Curve  X. 
1/4A.             i/aA. 

First  Upper  Partial. 

Curve  a. 

1/4A.           x/aA. 

Second  Upper  Partial. 

Curve  3. 

1/4A.           x/aA. 

Fundamental. 

Curve  4. 
1/4A.           x/aA. 

8.25 

4.85 

3.40 

5.00 

7.60 

15.85 

4.60 

9.45 

3.50 

6.90 

5.30 

10.30 

8.20 

15.80 

4.65 

9.25 

3.65 

7.15 

4.40 

9.70 

7.85 

16.05 

5.10 

9.75 

3.55 

7.20 

4.85 

9.25 

8.35 

16.20 

4.75 

9.85 

3.80 

7.35 

5.60 

10.45 

7.50 

15.85 

5.00 

9.75 

3.30 

7.10 

4.80 

10.40 

Mean 

15.95 

9.61 

7.14 

10.02 

Mean  error = 

=  0.9% 

2.2  % 

1.6  % 

4.4  % 

Prob.  error - 

=  0.3% 

0.8  % 

0.7  % 

1.6  % 

A  =  31.90 

cm. 

-k  =  19.22 

cm. 

A  =  14.28 

cm. 

I  '-=z  20.04  cm. 

wave-length.  The  curves  are  very  irregular,  and  the  maxima  and 
minima  points  at  best  can  be  only  roughly  decided  upon.  In  curve 
5,  the  grating  space  was  17  cm.  and  in  curve  6,  it  was  6  cm.  In 
both  curves  the  thermo-j unction  had  a  length  of  15.8  cm.  Curve 
5  gives  a  wave-length  equal  to  34.8  cm.,  and  curve  6  gives  one 
equal  to  33.6  cm.  Both  of  the  wave-lengths  measured  from  these 
curves  are  greater  than  the  wave  length  of  the  fundamental  vibra- 
tion, and  the  difference  between  them  and  the  fundamental  is  a  little 
more  than  the  outside  limits  of  error.  The  deviation  from  the  fun- 
damental may  be  accounted  for  by  the  fact  that  there  is  more  scat- 
tered radiation  when  the  grating  space  is  not  adjusted  for  equal 
reflection  and  transmission,  consequently  the  maxima  and  minima 
are  less  distinct,  as  will  be  seen  from  curves  5  and  6,  and  X  is  harder 
to  measure. 

If  the  grating  space  had  exerted  any  decided  influence  on  the  wave 
length,  we  might  have  expected  that  the  wave-length  determined 
by  curve  6  would  have  been  smaller  than  the  fundamental,  which 
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had  a  grating  space  of  12  cm.,  and  ihat  the  wave-length  deter- 
mined by  curve  5  would  have  been  greater.  As  these  effects  were 
not  found  it  appears  that  the  grating  space  alone  has  no  appreciable 
effect  on  the  wave-length  measured. 

Measurement  of  X  by  a  receiver  not  in  resonance  with  the  vibrator, 
—  It  was  desired  to  determine  the  wave-length  measured  by  a  re- 
ceiver whose  dimensions  were  between  those  of  the  receiver  for  the 
fundamental  and  the  receiver  for  the  first  upper  partial.  The  ex- 
periment was  performed  with  a  resonator  118  mm.  long,  and  an 
interference  curve.  No.  7,  was  plotted.  The  wave-length  taken 
from  this  curve  was  equal  to  27.4  cm.  This  value  differs  very 
widely  from  the  wave-length  of  the  fundamental  and  still  more 
widely  from  that  of  the  first  harmonic.  The  following  question  now 
arises.  Is  this  divergence  due  to  the  shorter  length  of  the  receiver 
and  therefore  does  it  tend  to  confirm  the  theory  that  the  receiver 
determines  the  length  of  the  wave  measured,  or  does  it  show  that 
there  are  waves  present  other  than  the  fundamental  and  its  series  of 
upper  partials  ?  These  experiments  are  not  complete  enough  to 
answer  this  question  conclusively.  A  study  of  the  energy  curves 
will  show  that  in  several  cases  the  principal  maximum  is  very 
irregular  and  this  would  seem  to  indicate  that  there  is,  mixed  up 
with  the  fundamental,  other  vibrations  of  nearly  its  own  period. 
Some  of  the  maxima  on  the  interference  curves  show  irregularities 
which  would  indicate  the  same.  In  curve  7,  Fig.  4,  appear  sup- 
plementary maxima  at  148  and  131  on  the  scale,  and  the  wave- 
length measured  with  this  receiver  very  nearly  corresponds  to  the 
latter  vibration,  supposing  for  the  time  that  wave-length  bears  a 
constant  ratio  to  receiver-length.  This  length  of  receiver  was 
chosen  entirely  at  random,  and  it  is  unfortunate  that  this  precise 
length  was  taken,  for  under  the  circumstances  it  is  not  possible  to 
answer  definitely  the  foregoing  question. 

It  was  thought  at  first  that  with  the  interferometer  it  would  be 
possible  to  measure  absolutely  the  length  of  electric  vibrations  if 
some  receiver  could  be  found  which  had  no  definite  period  of  its 
own.  G.  F.  HulP  used  a  coherer  for  a  receiver  in  his  work  with 
the  interferometer  and  he  found  that  even  this  receiver  influenced  to 
some  extent  the  wave-length   measured.     The  electric  vibration 
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emitted  by  such  an  exciter  as  was  used  here  is  heavily  damped,  and 
though  the  damping  as  shown  by  the  interference  curves  is  less 
than  theory  suggests/  yet  in  such  a  vibration  the  first  pulse  is  rela- 
tively more  effective  than  the  waves  which  follow  it. 

When  the  first  pulse  of  the  damped  wave  train  strikes  the  receiver, 
the  resonator  is  set  in  vibration  and  it  continues  to  vibrate  with  its 
own  period.  This  vibration  of  the  receiver  is  stopped  only  when 
the  mirrors  of  the  interferometer  are  in  such  a  position  as  to  cause 
the  waves  to  arrive  in  a  phase  opposite  to  the  vibration  of  the 
receiver.  Thus  there  is  measured  the  wave-length  of  the  vibrator 
as  modified  by  the  receiver  and  not  the  absolute  length  of  the  wave 
sent  out  by  the  vibrator. 

Relation  Between  Resonator-length  and  Wave-length,  —  It  is 
interesting  to  note  the  dependence  of  the  resonator-length  upon  the 
wave-length,  as  shown  from  these  experiments,  and  to  determine 
whether  in  this  respect  the  results  of  these  experiments  agree  with 
the  values  found  by  other  investigators.  Poincare  ^  gives  2  as  the 
ratio  of  wave-length  to  resonator-length.  Macdonald  ^  theoretically 
derives  the  formula  X  =  A7,  where  X  is  the  wave-length,  /  the 
resonator-length,  and  K  a  constant.  For  the  fundamental  vibration, 
K  in  the  formula  X  =  A7,  is  equal  to  2.53.  This  value  has  been 
proved  to  hold  for  circular  receivers.  Below  is  a  table  of  values 
for  K  computed  from  these  experiments : 


Small  spheres,  fundamental.  |  8.16 

Large      "  »*  15.8 

first  harmonic. 

second      " 


20.04 

31.90 

7.9         I        19.22 

5.6         I        14.28 


2.46 
2.02 
2.43 
2.55 


It  is  evident  that  these  values  do  not  agree  with  the  value  given 
by  Poincare,  but  they  agree  approximately  with  the  value  given  by 
Macdonald,  except  in  the  case  of  the  fundamental  for  the  larger 
spheres.     Here  K  is  equal  to  2.02,  while  Macdonald's  theory  gives 

iG.  F.  Hull,  1.  c. 

'  Poincar^,  **  Les  Oscillations  Ejectriques." 

'Macdonald,  "Elective  Waves,'*  Adams  Prize  Essay  in  the  Univ.  of  Cambridge, 
p.  III. 
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2.53.  It  looks  as  though  the  vibration  between  the  small  spheres 
and  the  large  ones  affects  the  fundamental  in  the  case  of  this 
vibrator.  But  the  harmonics  may  not  be  so  affected  and  their  X's 
fall  in  with  Macdonald's  value.  The  same  reasoning  may  account 
for  the  ragged  energy  curves  in  the  region  of  the  fundamental. 

Basing  the  calculation  on  these  experiments,  it  would  seem  that 
for  a  linear  receiver  the  formula  I  ^K{1  +  a\  where  X  is  the  wave- 
length, /  the  resonator-length,  and  K  and  a  are  constants,  is  more 
nearly  correct  than  the  formula  X^KL  Using  A'=  1.75  and 
^j=  2.67,  the  formula  gives  values  for  the  different  wave-lengths 
approximately  equal  to  the  experimental  values.  This  can  best  be 
seen  from  a  table. 

GivenXT=K{l-k-a),     A'=  1.75.     tf  =  2.67. 


Expt.  Value.  Computed  Value. 


Small  spheres,  fundamental.  20.0 

Large      •»                 «»  31,9 

first  harmonic.  19.2 

second     **  !               14.3 


19.0 
32.3 
18.5 
14.47 


Fundamental  and  Upper  Pariials.  —  A  study  of  the  table  will 
show  that,  although  the  fundamental  resonator  for  the  larger  spheres 
is  approximately  twice  the  length  of  the  fundamental  resonator  for 
the  smaller  spheres,  the  wave-lengths  do  not  have  this  simple  re- 
lation. Nor  do  the  wave-lengths  of  the  upper  partials  of  the  larger 
spheres  bear  the  same  relation  to  the  fundamental  that  the  receivers 
for  the  upper  partials  bear  to  the  receiver  of  the  fundamental.  But 
the  wave-length  of  the  fundamental  of  the  smaller  spheres  is  nearly 
equal  to  the  wave-length  of  the  first  upper  partial  of  the  larger 
spheres.  The  receivers  used  to  measure  the  wave-lengths  of  the 
vibrations  were  of  the  same  length  as  the  receivers  found  by  the 
energy  curves  to  be  in  resonance  with  the  fundamental  and  upper 
partials  of  the  exciter.  These  lengths  have  been  said  to  bear  nearly 
the  same  relation  to  each  other  as  the  upper  partials  bear  to  the 
fundamental  in  the  vibration  of  a  stretched  string.  The  fact  that 
the  wave-lengths  measured  do  not  have  this  submultiple  relation 
does  not  prove  that  the  upper  partial  vibrations  are  not  present.  It 
is  evident  that  this  part  of  the  experiment  is  not  conclusive,  but  that 
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it  bears  out  the  inference  deduced  in  Part  II.,  that  a  Righi  vibrator 
sends  out  a  fundamental  and  at  least  two  upper  partials. 

Corrections  Which  May  Be  Applied  to  the  Inference  Curve,  —  If  one 
of  the  mirrors  of  the  interferometer  is  removed,  it  is  found  that  the 
intensity  of  radiation  falling  upon  the  receiver  is  not  a  constant,  as 
the  position  of  the  other  mirror  is  changed.  Indeed  the  intensity 
does  not  even  decrease  uniformly  as  the  mirror  is  moved  away  from 
the  separating  surface,  /.  ^.,  as  the  path  is  increased,  but  there  is  a 
rise  and  fall  in  the  intensity  showing  the  influence  of  standing  waves. 
The  interference  curve  is  therefore  affected  by  those  standing  waves 
and  also  by  scattered  radiation.  But  the  effects  are  small  and  do 
not  alter  the  main  argument. 

IV.    Conclusion. 
The  points  brought  out  by  these  experiments  are  these : 

1.  That  the  measurement  of  energy  with  a  linear  receiver  of 
definite  length  showed  the  existahce  of  a  fundamental  and  upper 
partials. 

2.  That  the  relation  of  the  receiver-lengths  for  the  fundamental 
and  the  successive  upper  partials  stand  in  the  relation  i,  2,  3. 

3.  That  the  wave-length  and  receiver-length  are  connected  by  the 
relation  indicated  in  the  formula  X  =  Ar(  /  -|-  a), 

4.  That  the  interference  curves  show  that  the  damping  in  a  Righi 
vibrator  is  less  than  the  theoretical  value  computed  by  Thomson 
for  the  radiation  from  a  single  sphere. 

5.  That  the  grating  space  of  the  separating  surface  does  not  affect 
the  wave-length  measured. 

6.  The  character  of  the  emission  of  a  Righi  vibrator,  as  shown  by 
the  foregoing  experiments,  may  be  accounted  for  by  a  modified 
statement  of  Sarasin  and  de  la  Rive*s  hypothesis,  but  is  more  ration- 
ally explained,  in  the  opinion  of  the  writers,  on  the  basis  of  the 
hypK>thesis  of  Bjerkness  and  Poincare.  The  results  of  the  present 
experiments  are,  however,  too  limited  in  extent  and  too  uncertain  to 
give  conclusive  evidence  in  favor  of  either  view. 

A  portion  of  this  paper  was  submitted  by  the  writers  to  the  fac- 
ulty of  Dartmouth  College  as  a  thesis  for  the  degree  of  Master 
of  Arts. 
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These  experiments  were  performed  in  the  Wilder  Physical  Lab- 
oratory in  Dartmouth  College  under  the  direction  of  Prof.  E.  F. 
Nichols  and  Prof.  G.  F.  Hull,  to  whom  we  are  much  indebted 
for  many  valuable  suggestions  both  in  the  construction  of  apparatus 
and  in  the  methods  employed  in  the  experiment. 
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ON  THE  THEORY  OF  THE  ELECTROLYTIC  RECTIFIER. 

By  S.  R.  Cook. 

\  17 HEN  aluminum,  with  a  free  metallic  surface,  is  the  anode  of 
^^  an  electrolytic  cell  which  has  dilute  sulphuric  acid,  alumi- 
num sulphate,  potassium  aluminum  sulphate  (alum),  ammonium 
aluminum  sulphate,  potassium  cyanide,  or  potassium  ferrocyanide 
for  the  electrolyte,  there  is  quickly  introduced  into  the  electrolytic 
cell  a  condition  which  produces  a  very  high  apparent  resistance, 
so  long  as  the  voltage  is  not  above  a  certain  critical  value.  If, 
however,  the  aluminum  is  made  the  kathode,  in  any  of  the  above 
solutions,  and  carbon  or  platinum  the  anode,  the  cell  becomes  a 
very  good  electrolytic  conductor.  This  anomalous  action  of  the 
aluminum  anode  in  an  electrolytic  cell,  in  which  oxygen  is  one 
of  the  products  of  electrolysis,  was  observed  in  1857  by  Buff,^ 
while  making  more  detailed  observation  on  Wheatstone*s  *  experi- 
ments for  determining  the  position  of  aluminum  in  the  voltaic 
series.  Buff  found  that  when  dilute  sulphuric  acid  was  the  electro- 
lyte, a  dark  skin  appeared  on  the  surface  of  the  aluminum  anode 
and  that  the  resistance  was  very  much  greater  than  when  the 
aluminum  was  the  kathode  and  either  carbon  or  platinum  was  the 
anode. 

In  1869,  Thomson's  electrometer  being  accessible  for  the  mea- 
surement of  potential,  independent  of  resistance;  Tait*  while  mea- 
suring the  polarization  of  several  cells  determined  the  polarization 
of  aluminum  in  dilute  sulphuric  acid.  He  applied  an  electromotive 
force  of  six  Grove  cells  (10.44  Daniels)  and  with  the  Thomson 
electrometer  found  a  counter  electromotive  force  of  5.20  Daniels. 
No  explanation  was  given  for  this  very  high  counter  E.M.F.  and 
until  very  recently  no  explanation  has  been  offered  for  the  very 
high  apparent  resistance  of  the  aluminum  anode. 

>  Buff,  Licbig*s  Annalen,  CIL,  p.  169,  1857. 

«Phn.  Mag.  (4),  X.,p.  143,  1854. 

'Phil.  Mag.  (4),  XKKV!II.,p.  243.  1%?. 
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In  1877  Beetz^  investigated  the  dark  skin  observed  by  Buff  and 
concluded  that  it  was  the  normal  oxide  or  hydroxide.  While 
I^wrie,^  from  the  effect  of  amalgamation  on  the  electrochemical 
behavior  of  aluminum,  came  to  the  conclusion  that  the  action  of  the 
aluminum  anode  was  due  to  an  oxide  or  suboxide.  Oberbeck  ^  and 
Streintz  *  considered  the  film  formed  on  the  aluminum  anode  a  non- 
conductor and  suggested  that  the  aluminum,  non-conducting  film, 
and  solution  formed  a  condenser.  They  found  that  this  cell  had  a 
measurable  capacity,  and  a  condenser  consisting  of  two  aluminum 
plates  in  dilute  sulphuric  acid  has  been  described  by  Haagn.*^  In 
1897  it  was  shown  by  Pollak^  and  independently  by  Gratz^  that  a 
cell  composed  of  aluminum  and  carbon  or  aluminum  and  platinum 
with  dilute  sulphuric  acid  as  the  electrolyte  could  be  employed  to 
rectify  an  alternating  current.  This  discovery  brought  the  cell  into 
practical  importance  and  in  1898  the  eflRciency  of  this  electrolytic 
rectifier  was  investigated  by  Wilson,^ 

Norden  *  investigating  the  chemical  composition  of  the  film  on 
the  aluminum  anode,  came  to  the  conclusion  that  with  dilute 
sulphuric  acid  as  the  electrolyte  the  film  was  composed  of  the 
normal  aluminum  hydroxide  Al2(0H)g  with  some  aluminum  sul- 
phate. Wilson  has  shown  that  this  film  of  oxide  or  hydroxide 
formed  on  the  aluminum  anode  has  a  very  high  resistance ;  having 
observed  values  up  to  10,000  ohms.  Norden  ^^  attempted  an  ex- 
planation of  the  cause  of  the  high  anodic  resistance  of  aluminum. 
From  observations  he  found  that  the  resistance  of  the  resting  cell 
was  much  less  than  the  active  cell  and  also  that  the  film  (supposed 
aluminum  hydroxide)  was  acted  upon  by  the  solution  and  he  con- 
cluded that  if  the  film  was  weakened  by  the  dissolution  action   of 

1  Pogg.  Annalcn,  Vol.  CXXVII.,  p.  45  ;  Vol.  CLVI.,  p.  464. 
«Phil.  Mag.  (5),  XXII.,  p.  213,  1886. 
»Wied.  Annalen,  XIX.,  p.  625,  1883. 

♦Wied.  Annalen,  XXXII.,  p.  116,  1887  ;  XXXIV.,  p.  751,  1888. 
«Zeit.  fdr  Electrochemie.  III.,  p.  470,  1896-1897. 
eCompt.  Rend.,  CXXIV.,  p.  1443,  1897. 
TWcid.  Annalen,  LXII.,  p.  323,  1879. 

8 Electrical  Review  (London),  p.  371,  1898;  Pro.  Royal  Society,  Vol.  LXIII.,  p. 
329,  1898. 

sZeit.  rUr  Electrochemie  VI.,  pp.  159,  188,  1 899-1 900. 
lOElec.  World  and  Eng.,  Vol.  38,  p.  681,  Oct.  26,  1901. 
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the  liquid  bathing  it  while  resting,  the  same  action  would  take  place 
in  the  active  cell  and  the  current  would  break  through  these 
weakened  parts.  Burgess  and  Hambuecher/  following  the  same 
general  theory,  tried  to  establish  the  existence  of  these  small  areas  of 
disruption  by  removing  the  aluminum  anode  and  depositing  copper 
from  a  solution  of  copper  sulphate  in  the  openings  made  by  the  dis- 
solution of  the  film.  This  theory,  namely,  that  the  high  apparent 
resistance  of  the  cell,  when  aluminum  is  the  anode  and  low  re- 
sistance when  aluminum  is  the  kathode,  is  due  to  the  high  ohmic 
resistance  of  the  film  which  by  disruption  or  dissolution  action 
allows  the  current  to  flow  through  unterrupted  in  one  direction  and 
closes  up  and  almost  completely  prevents  the  passage  of  the  cur- 
rent in  the  other  direction,  will  be  discussed  later  in  connection  with 
the  data  here  presented. 

Dr.  Guth/e*  in  a  paper  read  before  the  American  Association  for 
the  Advancement  of  Science,  at  its  Pittsburg  meeting,  advanced 
another  theory  for  the  explanation  of  the  resistance  of  the  alumi- 
num anode.  From  experiments  performed  he  concluded  that  the 
resistance  was  due  to  a  film  of  gas,  probably  oxygen,  at  the  anode, 
which,  when  the  current  was  reversed,  united  with  hydrogen  or 
was  dissolved  in  the  solution.  This  theory  will  be  reverted  to 
again  after  the  presentation  of  the  data. 

Taylor  and  Inglis  in  the  Philosophical  Magazine  of  March,  1903, 
have  also  suggested  a  theory  of  the  aluminum  anode.  They  have 
shown  that  by  adding  salts,  containing  negative  ions,  which  would 
normally  dissolve  the  anode,  to  the  dilute  sulphuric  acid  solution, 
the  high  resistance  at  the  aluminum  anode  was  prevented  or  de- 
stroyed. The  theory  advanced  is  that  the  high  resistance  is  due 
to  the  property  of  the  film  of  hydroxide  to  allow  all  ions  except  the 
SO4  ions  to  pass  through. 

In  view  of  the  fact  that  Tait  had,  by  a  method  independent  of  the 
resistance,  obtained  a  counter  electromotive  force  greater  than  is 
usual  in  electrolytic  cells,  and  in  view  of  the  fact  that  the  theories 
heretofore  advanced  to  explain  the  apparent  high  resistance  of  the 
aluminum  anode  are  not  without  objection,  it  seemed  possible  that, 

*  Trans.  Amer.  Elec.  Chemical  Soc,  Vol.  I.,  p.  147,  1902. 
«  Physical  Review,  Vol.  XV.,  p.  327,  1903. 
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by  a  closer  investigation  of  the  value  of  the  counter  electromotive 
force,  some  further  explanation  of  the  high  anodic  resistance  of  the 
aluminum  cell  might  reveal  itself. 

2.  Apparatus. — The  apparatus  for  the  investigation  of  the  counter 
electromotive  force  of  the  electrolytic  rectifier  consisted  of  an  ac- 
cumulator of  twenty-eight  cells,  the  electrolytic  rectifier,  which  con- 
sisted of  a  cell  with  an  aluminum  plate,  7.5  x  10.2  cm.,  and  a  carbon 
plate  of  the  same  cross-sectional  area,  in  a  solution  of  potassium 
aluminum  sulphate,  a  Weston  ammeter,  milliammeter  and  volt- 
meter, a  relay  and  several  keys  and  pole-changers  arranged  as  in 
Fig.  I. 


Fig.  1.     Apparatus  Diagram. 

In  the  diagram  V  is  the  electrolytic  rectifier,  B^  the  accumulator, 
R  a  rheostat,  L  the  relay,  A  and  MA  are  the  ammeter  and  milliam- 
meter respectively,  and  V  is  the  voltmeter.  The  pole-changers  are 
designated  by  /j,  /g,  etc.,  and  the  keys  by  the  numbers  i,  2,  3,  etc., 
No.  5  being  the  break  key  on  the  relay,  which  was  operated  by  the 
auxiliary  battery  B^. 

3.  The  Method  of  Making  the  Obserifations. — All  connections  hav- 
ing been  made  the  plates  were  set  at  a  distance  of  about  2  cm.  and 
the  electrolyzing  current  made  by  closing  keys  i  and  5.  The  elec- 
trolyzing  current  now  flows  through  the  relay,  the  ammeter  and  the 
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electrolytic  cell.  The  applied  electromotive  force  is  measured  by 
closing  key  2,  thus  putting  the  voltmeter  across  the  terminals  of  the 
cell.  The  current  flowing  through  the  cell,  when  small,  was  meas- 
ured by  opening  key  i  and  closing  key  3,  thus  putting  the  milliam- 
meter  in  the  circuit.  When  key  3  was  opened  key  i  was  closed 
and  remained  closed  throughout  the  remaining  time  for  each  obser- 
vation. In  order  to  measure  the  counter  electromotive  force,  key  2 
being  open,  key  4  was  closed.  The  action  of  the  relay  opened  key 
5  and  broke  the  electrolyzing  current  and  the  next  moment  the 
closing  of  key  6  put  the  voltmeter  across  the  poles  of  the  cell. 

4.  Errors  of  the  Observations.  —  When  the  voltmeter  was  thus 
placed  across  the  terminals  of  the  electrolytic  rectifier,  after  the 
electrolyzing  current  had  been  broken,  the  indicator  of  the  voltmeter 
would  quickly  swing  up  to  a  position  depending  on  the  applied  elec- 
tromotive force  and  the  temperature  of  the  cell,  and  would  fall  back 
more  slowly  to  a  comparatively  small  value. 

It  will  be  evident  that  the  method  was  not  one  of  great  precision, 
there  being  at  least  two  errors  which  could  not  be  accurately  deter- 
mined. First  the  momentum  of  the  moving  system  of  the  voltmeter 
would  tend  to  carry  the  pointer  beyond  the  true  reading,  by  an 
amount  depending  upon  the  voltage  to  be  measured.  It  was  found 
by  repeated  observation,  by  quickly  applying  a  constant  voltage  for 
a  short  time  to  the  voltmeter  that  if  the  voltage  applied  was  14  volts, 
the  pointer  would  swing  to  a  position  indicating  1 5  volts  and  that  it 
the  applied  voltage  was  30  volts  the  pointer  would  be  carried  to  a 
position  indicating  32  volts,  showing  that  the  momentum  of  the  sys- 
tem caused  an  error  of  about  six  and  two  thirds  per  cent.  This, 
however,  depended  on  the  time  during  which  the  electromotive 
force  was  applied.  The  percentage  here  given  is  that  for  infinite 
time.  Secondly  there  exists  an  error  due  to  the  decrease  of 
the  counter  electromotive  force,  during  the  interval  between  break- 
ing the  electrolyzing  current  and  making  the  voltmeter  circuit. 
This  interval  was  short,  but  as  the  polarization  diminished  very 
rapidly  at  first,  the  error  may  have  been  several  per  cent.  We  may 
also  include  in  this  error  the  error  due  to  the  time  required  for  the 
pointer  of  the  voltmeter  to  swing  up  to  its  maximum  reading. 
The  value  of  this  second  error  could  not  be  determined  with  the  ap- 
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paratus  used,  and  no  correction  has  been  made  for  it.  The  data  in 
the  tables  are  corrected  for  the  error  due  to  momentum.  It  will  be 
observed  that  the  second  error,  not  corrected  for,  decreases  the  true 
value  of  the  counter  E.M.F. ;  accordingly  the  values  recorded  are 
not  so  great  as  the  true  values. 

5.  Measurements  of  the  Counter  E,M.F,  —  In  the  following  tables 
are  given  a  series  of  sets  of  measurements  of  the  counter  electro- 
motive force  of  the  electrolytic  rectifier,  at  various  temperatures 
and  conditions  of  the  cell.  Four  represesentative  sets  at  tempera- 
tures 1°,  23*^,  48*^  and  58*^,  respectively  with  aluminum  as  anode 
and  one  at  1°  with  aluminum  as  kathode  are  recorded.  These 
determinations  were  several  times  repeated  with  results  agreeing 
substantially  with  those  recorded. 

Measurements  of  applied  E.M.F.  current  and  counter  E.M.F.  at 
1°  with  a  well-formed  aluminum  anode  and  a  carbon  kathode  are 
given  in  Table  I. 

Table  I. 


Tempert 

Uur^   1®. 

"SA't 

Amperes. 

Counter               Applied 
E.M.F.                 E.M.F. 

Amperes. 

Counter 
E.M.F. 

2.1 

.0002 

1.9          1        28.0 

.0040 

24.5 

4.5 

.0003 

3.3 

1        30.0 

.0045 

26.2 

6.7 

.0005 

6.0 

1        32.0 

.0075 

26.8 

9.0 

.0007 

7.6 

34.0 

.0160? 

27.6 

11.2 

.0010 

9.8                  36.4 

.0165 

28.8 

13.5 

.0015 

11.6                 38.7 

.0220 

30.0 

15.5 

.0020 

13.5         1 

41.0 

.0250 

31.0 

17.4 

.0025 

15.0 

43.2 

.0275 

31.2 

19.5 

.0025 

17.0 

45.0 

.0460 

31.0 

21.3 

.0027 

18.8          !        47.2 

.1100 

29.0 

23.4 

.0031 

20.7         ii        49.3 

.1800 

27.0 

25.7 

.0036 

22.6         !!        51.0 

.5000 

19.0 

The  data  from  this  table  are  exhibited  in  the  curve  in  Fig.  2  so 
far  as  30  volts.  Curve  /exhibits  the  applied  E.M.F.  and  current 
Curve  //  exhibits  the  counter  E.M.F.  and  current.  Curve  /// 
exhibits  the  electromotive  force  from  Ohm's  law,  assuming  the 
resistance  to  be  constant  at  2  ohms,  the  value  obtained  from  a  series 
on  measurements  by  Kohlrausch's  method. 
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Table  II.  gives  the  data  for  the  same  cell  under  the  same  condi- 
tions with  aluminum  as  the  kathode. 
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Fig.  2.     Applied  Counter  and  Reversed  E.M.F. 

Table  II. 

Temperature  1°. 


.05 


1.07 

1.2 

1.3 


Amperes. 

.020 
.020 
.050 


Counter 
E.M.F. 

0.4 
0.4 
0.6 


Applied 
E.M.F. 


Amperes. 


Counter 
E.M.F. 


1.5 
2.0 
2.5 


.150 
.300 
.500 


0.8 

1.25 
1.5 


Tables  III.,  IV.  and  V.  give  applied  and  counter  E.M.F.  of  the 
same  cell  for  temperatures  23°,  48°  and  58°  respectively. 

Table  III. 

Temperature  23°. 


\^^^.^ 

Amperes. 

Counter 
E.M.F. 

"k'&'t 

Amperes. 

Counter 
E.M.F. 

2.0 

.0002 

1.2          1 

19.6 

.0046 

16.0 

4.4 

.0009 

3.0        i 

21.0 

.0060 

17.0 

6.4 

.0012 

5.0 

23.0 

.0110 

19.0 

8.5 

.0015 

7.0 

25.2 

.0160 

20.0 

10.2 

.0019 

9.0 

27.0 

.0320 

21.0 

13.0 

.0022 

ILO 

29.0 

.0900 

21.0 

15.2 

.0025 

12.0 

32.0 

.2250 

2L0 

16.7 

.0035 

14.0 

32.2 

1.2000 

19.0 
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Table  IV. 

Temperature  48° 


"S^t 


2.1 

4.4 

6.8 

9.0 

11.3 

13.8 

16.0 

18.2 


Amperes. 

.0002 
.0020 
.0030 
.0040 
.0050 
.0065 
.0080 
.0115 


Counter 
B.M.F. 

1.2 
3.0 
4.5 
7.0 
9.0 

10.5 

12.5 

15.5 


^fi!?! 


20.0 
22.2 
24.3 
26.2 
28.5 
31.0 
33.0 
34.7 


Amperes. 


Counter 
EM.P. 


.0120 

17.0 

.0700 

16.0 

.1600 

16.0 

.2100 

16.5 

.2250 

18.0 

.2500 

19.0 

.3100 

19.8 

.6000 

19.0 

Table  V. 

Temperature  58° 


Amperes. 


2.0 

4.2 

6.4 

8.5 

ILO 

13.0 

15.0 

17.5 


.075 
.120 
.140 
.160 
.185 
.200 
.250 
.250 


Counter 
E.M.F. 

0.5 
2.0 
3.8 

5.0 
6.5 
8.0 
9.0 
10.0 


K.M.r . 

19.4 
2L2 
23.2 
26.2 
28.2 
29.8 
3L0 


Amperes. 


.280 
.340 
.425 
.460 
.550 
.860 
1.300 


Counter 
E.M.F. 

1L3 
13.0 
14.0 
15.0 
16.5 
17.0 
16.0 


The  data  from  the  respective  Tables  1.,  II.,  III.  and  V.  are 
exhibited  in  Fig.  3. 

Curves  /  and  /'  exhibit  the  relation  of  the  applied  and  counter 
electromotive  forces  to  the  current,  the  temperature  of  the  cell 
being  1°. 

Curves  //  and  //',  and  ///  and  IIP  exhibit  similar  data  from 
Tables  III.  and  V.  respectively  at  temperature  23°  and  58°,  and 
curve  IV  exhibits  the  data  from  Table  II.  giving  the  applied 
E.M.F.,  when  the  aluminum  is  the  kathode,  at  a  temperature  of  1°. 

The  effect  of  temperature  upon  the  apparent  resistance  of  the 
aluminum  anode  is  very  marked.  At  temperatures  not  much 
above  55°  the  very  rapid  increase  in  current  at  a  certain  critical 
electromotive  force  is  hardly  perceptible,  while  at  temperature  below 
50*^  the  position  of  the  critical  value  of  the  electromotive  force  is 
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clearly  defined.  The  value  of  the  critical  electromotive  force  decreas- 
ing as  the  temperature  increases  at  the  rate  approximately  of  i  volt 
per  degree  between  i®  and  23°. 

6.  Discussion  of  Data,  —  A  comparison  of  the  applied  and  counter 
electromotive  forces  in  Tables  I.,  III.,  IV.  and  V.  and  their  corres- 
ponding curves,  Figs.  2  and  3,  show  that  eighty-five  to  ninety-five 
per  cent,  of  the  apparent  resistance  is  accounted  for  by  the  counter 
electromotive  force  and  it  only  remains  to  explain  the  cause  of  this 
very  high  counter  electromotive  force  and  account  for  the  breakipg 
down  of  the    high   apparent    resistance  at   a  comparatively    high 


000 

AMFEREt 


Fig.  3.     Applied  and  G>UDter  E.M.F.  for  Different  Temperatures. 

electrical  pressure.  So  long  as  the  applied  electromotive  force 
remains  below  a  certain  critical  value  depending  on  temperature,  a 
uniform  whitish  film  of  an  oxygen  compound  of  aluminum  is 
formed  over  the  surface  of  the  aluminum  anode.  This  film  can  be 
shown  to  be  extremely  hard,  compact,  non-crystalline  and  apparently 
insoluble  in  the  electrolyte.  The  ohmic  resistance  of  the  film  has 
also  been  shown  to  be  very  high. 

When,  however,  the  applied  electrical  pressure  is  greater  than  a 
certain  critical  value  this  film  of  alumina  changes  from  a  white 
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non-crystalline  substance  to  a  dark  crystalline  substance.  These 
dark  crystalline  formations  occur  in  parts  of  the  plate  only  and 
they  always  begin  to  form  at  those  parts  where  the  oxygen  is  found 
in  the  greatest  quantities.  This  dark  crystalline  formation  has  very 
much  the  appearance  of  corrundum  or  emery.  If  a  plate  is  re- 
moved at  this  stage  and  carefully  examined  it  will  be  found  that 
the  dark  parts  are  elevated  and  rough  to  the  touch.  When  ex- 
amined with  a  microscope,  of  forty  diameters  magnifying  power, 
the  crystalline  formation  can  be  easily  seen  and  frequently  not  only 
dark  corundum-like  crystals  but  crystals  of  brilliant  colors  could 
be  easily  detected.  On  a  very  superficial  examination,  these  bril- 
liantly colored  crystals  have  the  appearance  of  being  small  crystals 
of  ruby  and  sapphire. 

The  formation  of  crystals  exposes  the  metallic  surface  of  the 
aluminum  plate  to  the  action  of  the  electrolyte  and  allows  the 
anions  to  discharge  to  the  anode  increasing  very  rapidly  the  current, 
while  the  continued  formation  of  the  crystals,  so  long  as  the  elec- 
trical pressure  is  greater  than  the  critical  value,  continues  to  expose 
fresh  surfaces  of  the  metallic  aluminum  to  the  action  of  the  anions. 
When  the  critical  value  of  the  applied  electromotive  force  has  been 
reached  it  will  be  observed  that  the  counter  electromotive  force 
decreases  and  the  current  greatly  increases  as  the  applied  electro- 
motive force  is  increased.  That  is,  as  soon  as  the  anions  can  give 
up  their  charge  to  the  metallic  aluminum  the  counter  electro- 
motive force  decreases.  The  very  high  counter  electromotive  force 
then  is  due  to  the  presence  of  a  large  number  of  charged  ions 
around  the  aluminum  plate.  These  anions  (possibly  SO  J  are 
prevented  from  reaching  the  metallic  conductor  by  the  whitish  film 
of  alumina  that  has  been  formed  on  the  anode.  A  further  evidence 
of  the  presence  of  this  wall  of  charged  ions  is  given,  if  a  conductor 
is  brought  near  the  anode,  when  there  is  a  high  counter  electro- 
motive force,  a  spark  discharge  will  occur  in  the  solution  between 
the  conductor  and  the  layer  of  charged  ions  and  at  the  time  of  the 
discharge  the  current  greatly  increases.  It  is  not  believed  that 
this  momentary  increase  of  current  is  due  to  any  rupture  of  the  film 
but  simply  to  the  renewing  of  the  layer  of  anions  which  had  lost 
their  ionic  condition  by  discharging  to  the  conductor. 
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Still  another  experiment  shows  the  existence  of  this  layer  of 
charged  ions.  The  electrolytic  cell  was  under  an  electrical  pressure 
of  26  volts  with  a  counter  electromotive  force  of  17.5  volts,  giving 
.07  ampere  of  current.  Air  bubbles  were  forced  into  the  solution 
and  caused  to  pass  over  the  surface  of  the  aluminum  anode.  The 
current  rapidly  increased  to  0.35  ampere  and  fell  again  to  .07 
ampere,  when  the  bubbles  ceased.  The  pointer  of  the  milliammeter 
responded  very  quickly  to  the  passage  of  a  large  bubble  over  the 
surface  of  the  anode  but  it  was  not  possible  to  measure  the  decrease 
of  the  counter  electromotive  force  under  these  conditions.  The 
temporary  increase  of  the  current  may  be  explained  by  the  tempo- 
rary destruction,  in  part,  of  the  concentration  series,  by  the  passage 
of  the  air  bubbles  over  the  plates. 

If  the  electrical  pressure  is  maintained  for  some  time  above  the 
critical  pressure  the  film  of  alumina  not  only  forms  crystals  but  is 
dissolved  by  the  solution,  forming  depressions  in  the  plate  where 
the  crystallization  had  produced  elevation.  This  dissolving  of  the 
dark  crystalline  formation  was  observed  by  Norden  and  was  made 
the  basis  of  his  theory  of  the  aluminum  anode.  I  think,  however, 
that  it  is  very  doubtful  that  the  white  alumina  is  dissolved  by  the 
solution  even  by  long  standing.  The  crystalline  formation  may 
however  either  be  dissolved  by  the  solution  or  it  may  separate  from 
the  plate  and  fall  into  the  solution  in  the  granular  form.  By  main- 
taining the  voltage  above  its  critical  value  for  several  hours  an 
aluminum  anode  that  had  been  formed  with  the  dark  crystalline 
formation,  was  largely  dissolved  by  the  electrolyte.  This  dissolu- 
tion of  the  crystalline  formation  does  not  however  offer  an  explana- 
tion of  the  anodic  phenomenon. 

The  explanation  given  by  Burgess  and  Hambuechen  is  also  based 
upon  the  idea  of  a  non-conducting  film  which  changes  its  properties 
rapidly  when  the  current  is  reversed.  As  already  stated  when  the 
aluminum  is  the  anode  oxygen  is  the  secondary  product  of  the  dis- 
charge anion.  The  oxygen  unites  with  the  aluminum,  forming  a 
film  over  the  surface  of  the  anode.     When  aluminum  is  the  kathode 

K. 

hydrogen  is  the  secondary  product  of  the  kation  and  is  set  free. 
The  kation  also  discharges  to  the  metallic  surface  of  the  aluminum. 
If  the  film  is  already  formed  hydrogen  gas  is  formed  between  the 
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metallic  surface  and  the  film,  breaking  away  small  areas  of  the  film. 
It  was  probably  these  small  areas  that  Burgess  and  Hambuechen 
considered  the  valves  through  which  the  current  passed  and  into 
which  they  deposited  copper. 

When  aluminum  is  the  anode  and  the  potential  is  less  than  the 
critical  value,  it  has  been  shown  that  there  is  formed  a  film  of  alu- 
mina on  the  surface  of  the  aluminum,  which  prevents  the  anions 
from  discharging  to  the  metallic  surface  of  the  anode,  thus  causing 
the  formation  of  a  layer  of  charged  ions  around  the  plates  which 
produces  a  high  counter  electromotive  force.  This  high  counter 
electromotive  force  decreases  the  effective  potential  and  manifests 
itself  as  a  high  apparent  resistance. 

7.  Determination  cf  the  Rate  of  Increase  of  the  anions  Around  the 
Anode. —  In  accordance  with  the  theory  that  the  ions  would  discharge 
their  electricity  when  the  free  metallic  surface  was  exposed  by  the 
crystallization  of  the  aluminum  ;  it  became  important  to  know 
whether  a  free  metallic  aluminum  surface  would  conduct  an  electri- 
cal current  as  freely  when  it  was  the  anode  as  when  it  was  the  kath- 
ode. In  order  to  determine  the  conductivity  of  a  free  metallic  surface 
of  aluminum,  a  plate  was  freed  from  all  oxide  film  by  scraping  with 
a  sharp  tool  after  the  application  of  turpentine,  thus  giving  a  very 
bright  metallic  surface.  The  plate  was  then  made  the  anode  of  an 
electrolytic  rectifier  with  carbon  as  kathode  and  the  data  in  the  fol- 
lowing table  were  obtained,  the  applied  E.M.F.  being  constant  at 
26  volts. 

Table  IV. 


Time 
Hr.  Min.  Sec. 

Amperes. 
9.000 

Counter 
E.M.F. 

0.2 

!          Time 
!  Hr.  Min.  Sec. 

Amperes. 

Counter 
E.M.F. 

1     42     30 

i  1     47     00 

.130 

16.0 

1     42     35 

1.500 

0.5 

1     48     00 

.135 

16.5 

1     42     45 

.300 

3.0 

1     50     00 

.130 

17.0 

1     43     45 

.250 

7.0 

1     55     00 

.120 

17.0 

1     44     30 

.190 

15.0 

2     00     00 

.105 

17.0    . 

1     45     30 

.150 

15.0       1 

.  2     10     00 

.090 

17.5 

1     46     30 

.145 

16.0       1 

1  2     50     00 

.070 

17.5 

— 

—   -   — 

—          

The  curves  exhibiting  the  relation  between  the  time  and  the  cur- 
rent, and  the  time  and  the  counter  E.M.F.,  are  given  in  Fig.  4. 
Curve  /shows  the  very  rapid  fall  of  the  current  from  9  amperes  to 
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.07  ampere.  Curve  //  shows  the  rapid  increase  of  the  counter 
electromotive  force,  and  curve  ///  exhibits  the  constant  current 
when  aluminum  was  the 
kathode.  Although  the 
value  of  the  current  as  first 
measured  when  aluminum 
was  anode  is  not  so  great 
as  its  constant  value  when 
aluminum  was  the  kathode, 
the  very  close  approxima- 
tion to  the  constant  kathodic 
value  is  a  strong  argument 
in  favor  of  the  theory  that 
the  first  anions  (SOJ  dis- 
charge their  electricity  when 
in  contact  with  the  metallic 
aluminum  and  that  it  is  the 
formation  of  the  negative 
ions  in  a  concentration  series 
or  the  presence  of  the  free 
oxygen,  evolved  from  the 
union  of  SO^  with  H^O  ;  in 
process  of  union  with  the 
aluminum  that  produces 
the  high  counter  electro- 
motive force  which  reduces  the  current  to  aminimum. 

8.  Is  the  Oxygen  Added  Directly  to  the  Aluminium  ? — An  effort 
was  made  to  answer  this  question  by  the  following  experiments : 

A  large  H  cell  was  constructed.  Each  leg  of  the  cell  was  fitted 
with  a  carefully  weighed  aluminum  electrode,  a  thermometer,  and 
a  graduated  tube  for  receiving  and  measuring  the  gas  given  off.  The 
cell  was  filled  with  a  solution  of  potassium  aluminum  sulphate, 
placed  in  a  constant  temperature  bath  and  a  current  passed  through 
until  a  measured  quantity  of  hydrogen  was  liberated.  The  elec- 
trodes were  then  removed,  weighed  and  the  gain  or  loss  determined. 
Four  independent  experiments  were  performed  and  the  following 
observations  and  notes  were  made  : 
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Fig.  4.     The  rate  of  Fonnation  of  an  aluminum 
Anode  and  the  Development  of  the  Counter  E.M.F. 
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First  Experiment,  —  The  aluminum  electrode  exposed  a  clean  me- 
tallic surface  to  the  electrolyte.    The  temperature  of  the  cell  was  15°. 
Results  from  first  experiment : 

Weight  of  anode  before  the  experiment,  24.3915  grams. 

Weight  of  anode  after  the  experiment,  24.3997  grams. 

Gain  in  weight  of  anode  during  experiment,  .0082  grams. 

Weight  of  kathode  before  the  experiment,  23.9955  grams. 

Weight  of  kathode  after  the  experiment,  23.9949  grams. 

Loss  in  weight  of  kathode,  .0006  grams. 

Hydrogen  liberated  at  kathode,  59           c.c. 

Oxygen  liberated  at  anode,  0           c.c. 

Amount  of  oxygen  that  should  have  been  liberated,  .0415  grams. 

On  the  theory  that  the  oxygen  is  added  directly  to  the 
anode  this  experiment  should  have  given  an  increase  in  the 
weight  of  the  anode  of  .0415  gram,  while  it  gave  only  .0082 
grams  of  oxygen  or  about  one  fifth  the  amount  required.  How- 
ever, this  experiment  shows  that  the  oxygen  does  not  remain  in  the 
gaseous  form  and  must  be  accounted  for  either  by  assuming  that  it 
forms  a  soluble  compound  with  the  anode,  and  is  then  dissolved  by 
the  electrolyte,  or  that  it  forms  an  insoluble  compound  with  the 
anode,  part  of  the  anode  being  dissolved  by  the  electrolyte  to  ac- 
count for  the  discrepancy.  Norden*  concluded  that  the  electrolyte 
acts  chemically  on  the  anode  at  ordinary  temperature,  and  in  my 
own  work  I  have  been  successful  in  dissolvin'g  a  large  part  of  an 
aluminum  anode  after  it  had  been  formed  with  the  dark  forma- 
tion. In  order  to  account  for  the  loss  by  dissolution  the  experi- 
ment was  repeated  with  the  cell  in  an  ice-bath. 

Experiments  2  and  3  with  the  H  Cell. 

The  H  cell  arranged  as  in  the  former  experiment  was  packed  in 
ice  and  allowed  to  reach  a  temperature  of  i®.  At  first  an  electro- 
motive force  of  33  volts  was  applied  and  the  amperage  during  the 
three  hours  and  twenty  minutes  fell  from  0.105  ampere  to  .008 
ampere.  The  electrical  pressure  was  then  increased  to  52  volts 
and  the  amperage  soon  became  constant  at  .07  ampere.  In  three 
hours  70  c.c.  of  hydrogen  was  liberated  at  the  kathode.  No  gas 
was  liberated  at  the  anode. 

iL.  c. 
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The  anode  showed  a  gain  during  the  experiment  of  .0318  grams 
and  the  kathode  a  loss  of  .0045  grams.  If  all  the  oxygen  set  free 
from  the  electrolyte  had  been  added  to  the  anode,  and  there  had 
been  no  dissolution  of  the  anode  during  the  experiment  there  should 
have  been  an  increase  of  .0501  grams,  showing  a  discrepancy  of 
.0184  grams  ;  that  is,  about  thirty-six  per  cent. 

The  experiment  was  again  repeated  under  the  same  conditions 
and  the  anode  showed,  for  55  c.c.  of  hydrogen  liberated,  a  gain 
of  .0243  instead  of  .0372  grams,  a  discrepancy  of  .0149  or  forty  per 
cent. 

It  was  here  observed  that  some  of  the  oxygen  collected  at  the 
upper  end  of  the  anode  and  that  most  of  the  formation  was  at  this 
place.  It  was  also  observed  that  the  dark  formation  showed  signs 
of  having  been  dissolved  by  the  electrolyte.  To  prevent  this  disso- 
lution of  the  formed  anode  a  band  of  india  rubber  was  fitted  over  that 
portion  of  the  anode  which  passed  through  the  surface  of  the  solu- 
tion, and  the  experiment  was  again  repeated  at  a  temperature  of  0°. 

For  the  fourth  experiment  the  following  results  were  noted  :  25 
c.c.  of  hydrogen  was  liberated.  The  increase  in  weight  of  the 
anode  was  .0237  gram.  The  weight  required  to  account  for  25 
c.c.  of  hydrogen  is  .01792  gram,  the  excess  of  weight  at  the  anode 
being  .00583  gram. 

Although  these  experiments  have  by  no  means  been  conclusive 
in  showing  that  the  oxygen  is  added  directly  to  the  aluminum  as 
AljOj,  they  nevertheless  show  that  the  oxygen  does  not  remain  as 
a  gaseous  film  around  the  anode,  producing  an  ohmic  resistance, 
and  they  also  show  that  the  oxygen  is  added  to  the  aluminum  as  a 
chemical  compound ;  either,  with  Norden,  as  the  normal  aluminum 
hydroxide,  Al2(0H)g.  or  as  I  believe  more  probable  as  aluminum 
oxide,  AlgOj,  with  water  of  crystallization  in  that  part  of  the  oxide 
which  crystallizes.  It  is  also  possible,  according  to  Norden's 
analysis,  that  some  of  the  sulphate  is  added  to  the  solid  formation 
of  the  aluminum  anode.  The  problem  of  the  exact  composition  of 
the  formation  on  the  aluminum  anode  at  the  different  stages  of  its 
formation  is  one  of  gfeat  interest  and  I  believe  will  merit  the  most 
careful  investigation. 
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Summary  of  Results  and  Conclusions. 

1.  I  believe  the  foregoing  experiments  have  been  conclusive  in 
showing  that  the  apparent  resistance  of  the  aluminum  anode  in 
potassium  aluminum  sulphate  is  not  an  ohmic  resistance  but  a  re- 
sistance of  transition  of  the  ions,  primary  or  secondary,  and  that  this 
resistance  of  transition  manifests  itself  in  a  counter  electromotive 
force.  The  formation  of  the  film  of  alumina  which  is  a  very  poor 
conductor  of  electricity  on  the  surface  of  the  aluminum  anode  pre- 
vents the  anions  from  reaching  a  conducting  surface  and  thus  dis- 
charging. The  anions,  therefore,  become  massed  around  the  posi- 
tive plate  in  a  layer  of  highly  charged  radicals  (SO4)  or  in  a  layer 
of  highly  charged  atoms  of  oxygen  which  are  in  the  act  of  entering 
into  union  with  the  metallic  aluminum. 

2.  When  the  aluminum  is  the  kathode  hydrogen  is  the  primary 
or  secondary  product  at  the  aluminum  surface  and  there  is  no 
chemical  union  at  either  the  aluminum  or  carbon  surfaces,  if  the 
aluminum  surface  is  already  covered  with  a  film  of  alumina.  The 
kation  finds  access  to  the  metallic  surface  of  the  aluminum  plate 
and  hydrogen  is  set  free  between  the  film  of  alumina  and  the 
metallic  aluminum,  thus  separating  the  two  surfaces  and  exposing 
the  metallic  aluminum  to  further  action  of  the  kations. 

3.  It  has  been  shown  that  when  the  electrical  pressure  is  greater 
than  its  critical  value  the  film  becomes  crystalline  in  structure  and 
in  crystallizing  exposes  free  metallic  surfaces  to  the  action  of  the 
anions,  allowing  them  to  discharge  to  the  metallic  surface. 

4.  The  value  of  the  critical  pressure  and  also  the  counter  electro- 
motive force  depends  upon  the  temperature.  The  critical  electro- 
motwe  force  for  1°  is  approximately  47  volts  and  for  48°  only  22 
volts ;  the  counter  electromotive  force  increasing  with  decrease  of 
temperature. 

5.  On  account  of  the  very  high  resistance  of  the  film  of  alumina 
formed  over  the  aluminum  anode  the  anions  do  not  give  up  their 
charge  to  this  film,  but  must  pass  through  to  the  metallic  aluminum. 
When  the  anions  have  discharged  the  oxygen  set  free  by  secondary 
action  of  the  radical  SO4  unites  with  the  aluminum,  thus  increasing 
the  film  and  decreasing  the  possibility  of  other  anions  reaching  the 
metallic  aluminum. 
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6.  It  has  been  shown  that  the  high  anodic  resistance  depends 
upon  the  temperature,  and  that  at  temperatures  approaching  the 
temperature  at  which  aluminum  decomposes  water,  /.  ^.,  100°,  the 
high  anodic  resistance  greatly  decreases,  thus  showing  that  the 
anodic  resistance  depends  upon  the  chemical  conditions  for  the  union 
of  aluminum  and  oxygen. 

7.  The  theory  as  here  presented  accounts  for  the  following  ob- 
served conditions  and  phenomena  relative  to  the  electrolytic  recti- 
fier. First,  it  explains  the  apparent  high  resistance  of  the  aluminum 
anode  and  low  resistance  of  the  aluminum  kathode.  Second,  it 
explains  the  critical  electromotive  force  and  the  good  conductivity 
of  the  anode  above  this  critical  pressure.  Third,  it  explains  the 
very  great  change  of  conductivity  with  change  of  temperature. 
Fourth,  the  increased  weight  of  the  anode  is  a  direct  result  of  the 
theory.  Fifth,  the  good  conductivity  of  the  electrolyte  when  the 
aluminum  has  a  metallic  surface  also  follows  from  the  theory. 

In  conclusion,  it  may  be  said  that  sufficient  data  have  been 
obtained  to  explain  many  of  the  phenomena  of  the  electrolytic  rec- 
tifier ;  there  are  however  still  some  interesting  phenomena  not  ex- 
plained ;  as,  the  exact  composition  of  the  film  on  the  aluminum 
anode,  the  cause  of  the  crystallization  at  and  above  the  critical 
potential,  the  dissolution  of  the  crystalline  formation  by  the  electro- 
lyte, and  the  exact  ionic  condition  that  produces  the  high  counter 
electromotive  force.  It  is  believed  however  that  these  problems 
are  not  beyond  the  possibility  of  being  determined  by  careful  inves- 
tigation and  it  is  the  intention  of  the  writer  to  investigate  these  con- 
ditions as  soon  as  possible. 

Physical  Laboratory,  Case  School  of  Applied  Science, 
Cleveland,  Ohio,  July  22,  1903. 
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THE    ELECTRICAL   CONDUCTIVITY   OF   SOLUTIONS 
IN    METHYL  ALCOHOL   IN   THE   NEIGHBOR- 
HOOD   OF   THEIR    CRITICAL   POINT.     I.^ 

By  Charles  A.  Kraus. 

'^  I  "HE  electrical  conductivity  of  solutions  has  recently  been  ap- 
^  plied  to  the  study  of  the  critical  phenomenon.^  It  has  been 
shown,  not  only,  that  solutions  conduct  beyond  the  critical  point, 
but  that  the  vapors  of  these  solutions  become  conducting'  before 
the  critical  point  is  reached.  In  the  immediate  vicinity  of  the  criti- 
cal point  the  temperature  coefficient  of  the  solution  undergoes  a 
change,  resulting  in  a  diminution  of  the  coefficient.  The  dielectric 
constant,  too,  has  been  studied  by  Eversheim,*  and  follows  in  a 
general  way  the  electrical  conductivity  of  the  solution. 

The  present  paper  treats  mainly  of  two  points  in  connection  with 
the  conductivity  of  solutions  in  the  critical  region ;  the  change  of 
the  conductivity  in  the  immediate  neighborhood  of  the  critical 
point,  and  the  change  of  the  conductivity  with  varying  density  of 
solvent  fluid  beyond  the  critical  point. 

One  of  the  difficulties  encountered  in  the  work  dealing  with  the 
conductivity  at  the  critical  point,  has  been  the  high  value  attained 
by  the  resistance.  Hagenback^  points  out  that  the  resistance  of  a 
solution  in  liquid  sulphur  dioxide  increases  a  thousand  times,  in 
round  numbers,  in  heating  up  to  the  critical  point  from  ordinary 
temperatures.  This  circumstance  leads  to  the  use  of  complicated 
measuring  apparatus  and  concentrated  solutions,  both  of  which  are 
disadvantageous. 

I  The  discussion  of  results  is  given  in  the  concluding  portion  of  this  paper  which  is 
to  appear  in  the  following  number  of  the  Review. — Ed. 

«  Franklin  and  Kraus,  Amer.  Chem.  Jour.,  24,  p.  83,  1900.  A.  Hagenback,  Phys. 
Zs.,  I,  p.  481,  1900 ;  Ann.  der  Phys.,  5,  p.  276,  1901,  and  8,  p.  539,  1902.  P.  Ever- 
sheim,  Ann.  der  Phys.,  8,  p.  539,  1902  ;  Phys.  Zs.,  June  15,  1903. 

*  A.  Hagenback,  1.  c,  Ann.  der  Phys.,  5,  p.  286. 

♦  P.  Eversheim,  1.  c. 

<A.  Hagenback,  1.  c,  5,  p.  301. 
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Some  years  ago  Franklin  and  Kraus  ^  showed  that  for  a  large 
number  of  solutions  in  liquid  ammonia  the  maxima  of  electrical 
conductivity  lay  within  a  comparatively  narrow  range  of  tempera- 
ture about  100°  below  the  critical  point.  Walden  and  Centnerszwer* 
have  shown  similar  relations  to  hold  true  for  solutions  in  sulphur 
dioxide.  The  same  has  long  been  known  to  hold  true  for  certain 
water  solutions.  The  regularity  of  the  curves  leads  one  to  suspect 
that  if  one  were  able  to  find  a  solvent  in  which  the  conductivity 
maximum  lay  sufficiently  near  the  critical  point,  the  conductivity 
beyond  the  critical  point  would  be  considerable. 

Now  water  solutions  must  possess  maxima  of  conductivity  that 
lie  very  near  their  critical  point,  if  not  beyond  it.^  The  solvent 
power  for  glass  makes  the  use  of  water  as  a  solvent  difficult  in  this 
instance.  This  has  led  the  author  to  study  the  maxima  of  conduc- 
tivity of  the  alcohols,  compounds  possessing  many  properties  in 
common  with  water. 

A  solution  of  potassium  iodide  in  ethyl  alcohol  reached  its  maxi- 
mum of  conductivity  in  the  neighborhood  of  100°  C.  It  remained 
a  conductor  beyond  the  critical  point,  but  the  resistance  attained 
considerable  magnitude.  In  the  immediate  neighborhood  of  the 
critical  point  a  considerable  quantity  of  solute  crystallized  out  on 
the  walls  of  the  tube,  going  into  solution  again  as  the  temperature 
was  somewhat  increased.* 

Solutions  in  methyl  alcohol  proved  more  promising.  For  a  solu- 
tion of  potassium  iodide,  the  maximum  was  found  in  the  neighbor- 
hood of  160°.  The  conductivity  beyond  the  critical  point  was  found 
to  be  remarkably  high.  As  will  appear  from  the  results  given  be- 
low, the  conductivity  just  beyond  the  critical  point  has  fallen  to  one 
tenth  its  maximum  value,  which  is  only  a  trifle  less  than  one  half 
its  value  at  ordinary  temperatures.  Adding  to  its  high  conductivity, 
the  ease  of  preparing  and  manipulating  its  solutions,  methyl  alcohol 
seems  an  ideal  substance  for  the  subject  in  hand.  It  possesses, 
however,  some  drawbacks,  which,  while  not  sufficient  to  affect  mate- 

>  Franklin  and  Krans,  1.  c. 

•Walden  and  Centnerszwer,  Zs.  f.  Phys.  Chem.,  39,  p.  514,  1 901-2. 
*A.  Hagenback,  1.  c,  5,  305 ;  Arrhenius,  Zs.  f.  Phys.  Chem.,  4,  p.  96,  1889. 
*This  phenomenon  may  be  of  the  nature  of  that  investigated  by  Smits.  Zs.  f.  Elec. 
Chem,,  no.  33,  p.  663,  Aug.  31,  1903. 
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rially  the  results  aimed  at  in  this  paper,  are  yet  of  such  a  nature  as  to 
make  exact  measurements  and  comparisons  difficult.  Its  high  critical 
temperature  makes  it  somewhat  difficult  to  supply  a  constant  tem- 
perature bath.  The  greatest  drawback,  however,  is  the  tendency  of 
alcohol  to  enter  into  reaction  with  any  substance  dissolved  in  it.  Of 
a  large  number  of  substances  dissolved  in  methyl  alcohol,  only  the 
alcoholates  and  the  bases  were  found  to  suffer  a  comparatively  small 
change  in  conductivity  on  heating  up.  It  was  found,  however,  that 
the  reaction  was  not  as  serious  a  matter  as  was  anticipated.  The 
reaction  went  on  at  a  rapid  rate  and  apparently  went  on  to  comple- 
tion, for  after  once  heating  up,  the  conductivity  remained  constant 
thereafter.  It  appears  that  Hagenback  ^  experienced  some  difficulty 
of  this  kind  in  sulphur  dioxide.  In  some  cases  it  was  found  that 
the  critical  point  of  alcohol  solution  was  changed  (lowered)  on  re- 
peated heating.  There  also  appeared  to  be  some  gas  occluded  on 
the  electrodes.  The  tendency  would  naturally  be  for  this  gas  to  lower 
the  critical  temperature.  With  respect  to  the  temperature  measured 
from  the  critical  point  however,  the  conductivity  remained  constant, 
so  that  comparisons  may  still  be  made  with  regard  to  the  critical 
point.  This  is  probably  the  proper  method  of  comparison  any  way, 
for  a  change  in  concentration  of  the  solution  will  shift  the  critical 
point.  The  manner  then  in  which  this  particular  circumstance  has 
affected  the  results  is  in  giving  to  the  temperatures  a  relative  rather 
than  an  absolute  value. 

The  nature  of  the  reaction  in  the  case  of  potassium  iodide  is 
doubtful.  The  odor  obtained  on  opening  the  tube  was  suggestive 
of  methyl  iodide.  The  potassium  would  probably  be  present  then 
as  hydroxide  or  alcoholate.  The  maxima  obtained  in  the  case  of 
alcoholate  and  hydroxide  did  not  agree  with  those  of  the  potassium 
iodide  solution.  The  nature  of  the  change  must  be  left  open  for  the 
present.  Before  exact  results  can  be  obtained  at  the  critical  point 
we  must  know  the  nature  of  the  reactions  occurring.  It  is  hoped 
to  take  up  this  point  subsequently,  in  a  more  extended  study  of  the 
maxima  of  the  alcohol  solutions. 

The  measurements  were  carried  out  in  a  tube  of  approximately 
1.5  mm.  internal    diameter  and  2  mm.   wall.     The  tubes  had  a 

1  A.  Hagenback,  1.  c,  5,  p.  295. 
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length  of  from    12  to  20  cm.     The  electrodes  were  from  1.5  to  2 
cm.  long  and  i  mm.  wide.     They  were  held  in  relative  position  by 
small  bits  of  glass.     The  connections  through  the  glass  tube  were 
made  with  platinum  of  0.04  cm.  diameter.     This  size  of  wire  is  still 
sufficiently  large  to   allow  of  ready  manipulation,  while  it  is  so 
small  that  the  glass  is  not  appreciably  weakened  by  its  presence. 
To  prepare  a  tube  a  piece  of  tubing  of  the  dimensions  given  was 
selected.     At  one  end  this  tube  was  drawn  down  so  as 
to  form  a  shoulder  {A,  Fig.  i).    About  0.5  cm.  beyond 
this  shoulder  the  tube  was  drawn  off.     A  small  thick 
bulb  (5)  was  blown  on  this  end  of  the  tube,  and  by 
means  of  a  bit  of  glass  two  fine  capillaries  (DD)  were 
drawn  on  this  bulb.     After  cutting  off  the  capillaries 
near  the  bulb,  the  electrodes  (C)  were  introduced,  the 
wires  projecting  each  through  one  of  the  capillary  tubes. 
The  tube  was  now  heated  in  the  blow-pipe  flame,  taking 
care  to  heat  the  glass  rather  than  the  platinum  wires. 
The  bulb  thickened  and  assumed  a  tubular  form  of  con- 
siderable uniformity.     The  object  of  this  operation  was 
to  seal  the  electrodes  into  the  tube  with  a  minimum  ^    ' 

thickening  of  the  glass,  /.  r.,  the  whole  tube,  end  and  wall,  were  to 
be  of  as  uniform  dimensions  as  possible.  While  the  tube  was  still 
in  the  flame  the  end  was  drawn  out  by  pulling  gently  on  the  plati- 
num wires  until  the  electrodes  rested  on  the  shoulder  {A)  at  the 
bottom  of  the  tube.  The  tubes  prepared  in  this  way  seemed  to 
possess  all  the  strength  of  the  original  glass  tube.  With  tubes  of 
the  dimensions  specified  not  a  single  explosion  resulted.  The  tubes 
were  tested  by  heating  up  twenty  degrees  or  more,  beyond  the 
critical  point. 

The  tube  was  plantinized  and  the  resistance  of  the  leads  and  the 
resistance  capacity  of  the  cell  were  determined.  The  open  end  of 
the  tube  was  then  drawn  down  into  a  long  thick-walled  tube  of  about 
0.5  mm.  internal  diameter,  and  to  make  the  total  length  of  the  tube 
shorter  this  tube  was  bent  at  an  angle  60°  to  the  rest  of  the 
tube.  The  volume  of  the  tube  and  the  volume  per  unit  length  were 
determined.  The  tube  was  finally  washed  with  pure  solvent  and 
dried.     After  introducing  the  solution  the  tube  was  placed  in  a  bath 
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of  liquid  ammonia,  and  the  pressure  was  reduced  as  far  as  the  vapor 
pressure  of  the  alcohol  would  allow,  when  the  tube  was  sealed.  Be- 
fore attaching  the  tube  to  the  pump  the  capillary  was  drawn  out 
very  fine  at  one  point  in  order  to  facilitate  sealing  off. 

The  heating  was  carried  out  in  melted  paraffine.  The  bath  was 
constructed  of  a  large  beaker  placed  in  a  brass  jacket  with  asbestos 
packing  between.  Glass-covered  windows  were  left  opposite  each 
other  for  the  purpose  of  observation.  The  heating  was  done  elec- 
trically with  a  lamp-board  resistance  for  control.  This  has  many 
advantages  over  a  flame  for  heating  purposes.  By  means  of  hand 
regulation  it  was  easy  to  keep  a  thermometer  adjusted  to  a  few 
hundredths  of  a  degree.  The  heating  coils  were  mounted  on  a 
glass  frame  and  were  distributed  around  the  stirrer  which  was  run 
by  a  small  motor.  The  proper  distribution  of  the  coils  around  the 
stirrer  added  much  to  the  constancy  of  the  heating  arrangement. 
While  the  temperature  could  be  kept  adjusted  to  0.02°  at  any  point 
in  the  bath,  there  was  some  variation  in  the  different  levels  of  the 
bath.  For  the  space  occupied  by  the  tube,  the  variation  did  not 
exceed  0.05°,  while  the  results  justify  the  conclusion  that  for  the 
electrode  space  the  variation  was  considerably  less  than  this.  In 
the  arrangement  used  the  top  of  the  bath  was  open  to  the  air  and  a 
portion  of  the  paraffine  vaporized.  This  caused  a  cooling  off  of  the 
bath  and  the  top  of  the  bath  was  the  cooler.  If  this  circumstance 
could  be  removed,  this  bath  would  give  much  better  results  than 
were  possible  with  the  arrangement  used.  For  work  that  does  not 
require  the  limit  of  accuracy  the  form  of  bath  used  can  be  recom- 
mended both  for  convenience  and  constancy.  Perhaps  it  would 
not  be  amiss  to  add  a  few  words  in  regard  to  the  details  of  the 
preparation  of  the  bath.  A  semicircular  framework  was  made  up 
of  glass  rods.  On  this  framework  the  coils  were  stretched  not  only 
around  the  sides  but  also  over  the  top  and  bottom.  Two  glass  rods 
with  their  ends  bent  into  closed  rings  of  about  .5  cm.  diameter 
were  sealed,  one  to  the  bottom  of  the  frame,  the  other  on  longer 
supports  attached  to  the  top  of  the  frame,  and  projecting  over  the 
beaker.  A  glass  rod  was  chosen  to  fit  the  glass  bearings  and  as 
many  vanes  were  mounted  on  this  rod  as  were  desirable.  The 
vanes  were  thus  surrounded  on  all  sides  by  coils  except  toward  the 


Digitized  by 


Google 


No.  I.]  CONDUCTIVITY  OF  SOLUTIOAS.  45 

diameter  of  the  semicircle.  The  tube  was  placed  in  this  remaining 
semicircular  space. 

In  order  to  read  the  volume  of  the  liquid  in  the  tube  a  milk  glass 
scale  was  placed  back  of  the  tube  and  attached  to  it.  The  tube  and 
scale  were  suspended  in  a  carriage  which  could  be  put  into,  or  taken 
out  of,  the  bath  without  disturbing  the  rest  of  the  apparatus.  When 
accurate  readings  of  volume  were  required  theparaffiine  bath  had  to 
be  changed  every  other  series.  A  weight  and  wire  attached  to  one 
end  of  the  scale  and  tube  enabled  the  operator  to  invert  the  tube  at 
will.  The  whole  apparatus  was  placed  under  a  hood  and  the  tube 
was  observed  by  looking  through  the  window. 

The  conductivity  was  measured  by  means  of  a  Kohlrausch  bridge 
and  telephone.  The  minimum  was  excellent  except  in  the  case  of 
the  highest  resistances  which  were  reached  in  only  one  series  of 
measurements.  But  even  in  this  case  it  was  possible  to  set  within 
a  couple  of  millimeters.  For  measuring  the  temperatures  two 
thermometers  were  used,  one  divided  into  tenths,  the  other  divided 
into  degrees.  The  one  divided  into  tenths  was  used  near  the  criti- 
cal point.  The  temperatures  were  finally  corrected  by  comparing 
them  with  a  standard  which  was  completely  immersed  while  those 
to  be  calibrated  were  immersed  as  they  were  in  the  measurements. 
The  conductivity  of  the  glass  comes  into  question  in  a  measurement 
of  the  conductivity  at  high  temperatures.  The  tubes  empty  did 
not  indicate  with  the  bridge  a  conductivity  which  could  affect  the 
results  by  more  than  a  few  per  cent,  with  the  highest  resistances. 
With  the  smaller  resistances  the  conductivity  of  the  glass  could  not 
affect  the  results.  The  relative  area  of  the  conducting  surface  of 
glass  to  that  of  solution  was  about  i  to  20,  so  that  with  the  solution 
twice  as  good  a  conductor  as  the  glass  the  error  would  be  a  trifle 
over  2  per  cent. 

To  change  the  quantity  of  solvent,  keeping  the  quantity  of  solute 
constant,  the  tube  was  connected  with  a  vessel  containing  sulphuric 
acid.  The  whole  apparatus  was  then  exhausted  as  far  as  the  vapor 
pressure  of  the  alcohol  would  allow.  A  small  wire  carrying  a  cur- 
rent was  passed  around  the  outside  of  the  tube  near  the  surface  of 
the  liquid.  This  heated  the  surface  of  the  liquid  and  produced 
evaporation  without  danger  of  losing  a  portion  of  the  solute.     Liquid 
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could  be  introduced  by  cooling  the  tube  in  a  bath  of  liquid  am- 
monia, connecting  with  a  reservoir  of  alcohol,  and  exhausting.  It 
was  found  preferable,  however,  to  change  the  quantity  of  solvent  by 
evaporation. 

Constants  and  Units. 

The  resistance  capacity  of  the  tube  was  determined  by  means  of 
a  O.I  ^-solution  of  potassium  chloride.^  In  the  following  tables  the 
constant  is  given  under  K,  Under  5"  x  lo*  are  given  the  uncor- 
rected values  of  the  specific  conductivity  referred  to  Kohlrausch 
units  ^ ;  the  values  actually  appearing  in  the  table  are  the  products 
of  the  specific  conductivities  with  lo*. 

I^/  Fgives  the  ratio  of  the  volume  of  the  liquid  at  the  temperature 
/  to  the  total  volume  of  the  tube.  Because  of  the  unknown  nature 
of  the  reaction  taking  place  in  the  solution,  the  conductivities  are 
not  expressed  in  molecular  values.  The  conductivities  corrected  for 
change  in  volume  appear  under  5-  VJV'k  IO^  This  is  simply  the 
product  of  the  specific  conductivity  by  the  ratio  of  the  volume  of 
the  liquid  at  temperature^  /  to  the  volume  beyond  the  critical  point. 
This  method  of  correction  has  been  adopted  in  preference  to  any 
other  because  in  this  case  the  actual  specific  conductivities  appear 
above  the  critical  point.  The  corrected  value  of  the  conductivity 
appears  in  all  the  curves. 

To  obtain  the  molecular  conductivities  the  corrected  conductivi- 
ties need  only  be  multiplied  by  a  constant,  which  can  be  determined 
from  the  concentrations  of  solutions  given  and  the  volume  of  the 
tube. 

How  the  correction  affects  the  inclination  of  the  curves  will  be  dis- 
cussed later.  Under  C  appears  the  concentration  of  the  solution 
in  per  cent,  of  solute.  Whenever  alcohol  was  extracted  from  a  so- 
lution without  removing  solute,  C  refers  to  the  concentration  before 
the  removal  of  the  solute.  The  total  volume  of  the  tube  at  240^ 
is  given  under  V,     Under  W^  appears  the  weight  of  the  solution. 

Unless  otherwise  stated  the  tubes  were  heated  up  to  the  critical 
point  until  no  further  change  took  place  in  the  conductivity. 

*  Kohlrausch,   Holborn  and  Diesselhorst,  Wied.  Ann.,  64,  p.  417,   1898;  Kohl- 
rausch and  Holborn,  *•  Das  Leitungsvormdgen  der  Electrolyte,"  p.  I,  1899. 
'Kohlrausch  and  Holborn,  1.  c. 
^Compare  A.  Hagenback,  1.  c,  5,  p.  292. 
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Numerical  Results. 
Series  I, 

Potassium  Iodide.     Curve  i,  Fig.  2. 
A-^ 0.1321,  C:=  0.01855 Arr^if/.,  ff^=0. 11169 i^.,  ^=0.3715  ir.r. 
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187.9 
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252.1 

.5693 

143.5 

Series  II. 

Potassium  Iodide.     Curve  i,  Fig.  2  ;  Curve  9,  Fig.  3. 
Constants  of  tube  and  of  solution  as  in  I.     In  Fig.  3  all  curves 
are  referred  to  the  same  critical  temperature  for  the  sake  of  conveni- 
ence and  comparison.     The  temperatures  of  series  I.  are  those  used 
as  scale. 


_._ 

Liquid. 

/ 

S  X  io«. 

1 

Vtty 
0.6005 

S  'VtlVXio*. 

237.0 

186.0 

in.6 

238.0 

157.6 

.6094 

96.05 

238.5               1 

143.7 

1 

.6183 

88.88 

239.0 

127.0 

.6275 

79.69 

239.5 

107.5 

1 

.6362 

68.39 

240.04 

83.71 

1 

.6628 

55.50 

240.4 

63.92 

1 

.7432 

47.50 

240.5 

55.46 

.8074 

44.78 

240.6 

45.29 

1 

.9566 

43.32 

Crit.                 1 

42.65 

1 

LOOO 

42.65 

Digitized  by 


Google 


48 


C,  A.  KRAUS, 


[Vol.  XVIII. 


Oas. 

/ 

5xxo«. 

-        — 

t 

240.7 

42.14 

2A2AS 

240.8 

41.56 

243.4 

240.9 

40.98 

244.4 

241.0 

40.41 

245.46 

241.2 

39.52 

247.1 

241.4 

38.68 

249.1 

241.6 

37.89 

2S2.0 

241.92 

37.06 

5xio«. 


36.10 
34.45 
32.88 
31.24 
29.11 
26.59 
23.92 


Series  III. 
Ammonium  Chloride.     Curve  2,  Fig.  2. 

Jsr=  0. 1316,  C  =  0. 2245  p^r  cent. ,  tube  1/3  full  at  20*». 


Liquid. 

Vtll^. 

t 

SX  i<y». 
3,556.0 

5    F,  rx  10^. 

71.0 

.3833 

1,363.0 

85.1 

3,744.0 

.3897 

1,460.0 

94.6 

3,851.0 

.3927 

1,512.0 

105.2 

3,948.0 

.4006 

1,581.0 

116.2 

4,058.0 

.4021 

1,631.0 

124.7 

4,108.0 

.4087 

1,679.0 

135.0 

4,159.0 

.4147 

1,722.0 

144.0 

4,176.0 

.4174 

1,743.0 

165.4 

4,094.0 

.4234 

1,733.0 

174.8 

4,042.0 

.4261 

1,723.0 

183.8 

3,929.0 

.4300 

1,690.0 

194.0 

3,769.0 

1 

.4333 

1,633.0 

204.0 

3,528.0 

1 

.4359 

1,538.0 

214.0 

3,241.0 

.4411 

1,430.0 

219.0 

2,777.0 

j 

.4464 

1,240.0 

224.0 

2,533.0 

1 

.4461 

1,130.0 

229.2 

2,003.0 

1 

.4453 

892.1 

Series 

IV, 

Ammonium  Chloride.     Curve  2,  Fig.  2  ;  Curve  8,  Fig.  6. 
Constants  of  tube  and  solution  as  in  III. 
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Liquid. 

/ 

5X10*. 

r,/K 

5Kr/rxxo«. 

234.0 

1,524.0 

.4411 

672.0 

236.9 

1,236.0 

.4333 

535.8 

239.0 

930.3 

.4261 

430.3 

240.0 

760.0 

.4147 

315.2 

241.0 

605.7 

.4000 

242.3 

241.9 

469.7 

.3707 

158.8 

242.5 

257.7 

.2806 

72.33 

Vapor. 

Oas. 

/ 

5xio«. 

/ 

^Xio*. 

236.9 

1.574 

243.1 

67.25 

239.0 

2.177 

245.2 

54.36 

240.0 

3.568 

247.1 

47.62 

241.0 

6.381 

249.0 

41.33 

241.9 

14.64 

254.0 

30.19 

242.5 

38.66 

Series   V, 
Potassium  Iodide.     Curve  3,  Fig.  2. 

The  measurements  in  this  series  were  obtained  with  a  tube  that 
had  not  been  previously  heated  above  room  temperatures.  They 
illustrate,  therefore,  the  reaction  that  takes  place  between  the  solute 
and  the  solvent. 

Constants  of  tube  and  quantity  of  solute  as  in  I.      W^  =  o.  io688g. 


Vapor. 

/ 

^Xxo*. 

/ 

5xio«. 

236.6 
239.0 
240.1 
241.1 

0.4220 
.5521 
.7482 

1.544 

1 

! 
1 

241.4 
241.7 
241.8 
241.9 

2.118 
3.449 
3.785 
6.091 
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Liquid. 

/ 

5Xxo». 

v^v. 

5.^rxi««. 

88.00 

162.3 

.4209 

68.29 

114.5 

262.4 

.4344 

114.0 

135.5 

319.6 

.4503 

143.9 

156.0 

401.0 

.4674 

187.4 

176.5 

488.3 

.4809 

239.8 

194.5 

512.2 

.4944 

253.3 

215.5 

399.7 

.5119 

204.6 

227.1 

321.8 

.5303 

170.6 

232.1 

255.2 

.5438 

138.8 

236.6 

181.9 

.5569 

101.0 

239.0 

131.7 

.5657 

74.47 

240.1 

107.0 

.5837 

62.50 

241.1 

80.87 

.6045 

48.87 

241.4 

67.0 

.6226 

43.58 

241.7 

56.99 

.6449 

36.76 

241.8 

52.94 

.6585 

34.85 

241.9 

45.28 

.6772 

30.68 

242.0 

35.02 

.8254 

28.91 

Scries   VI, 
Potassium  Iodide.     Curve  lO,  Fig.  3. 
The  same  tube  and  solution  as  in  V.,  but  after  the  solution  has 
been  heated  until  reaction  is  complete. 


Liqu 

id. 

/ 

5X10^. 

1       5.F,/rxxo^. 

237.1 

170.2 

.5555 

94.58 

239.1 

131.4 

.5657 

74.35 

240.1 

106.9 

.5749 

61.46 

241.1 

80.34 

.6070 

48.76 

241.6 

77.07 

.6365 

37.54 

241.8 

50.86 

.6770 

34.43 

241.9 

44.46 

.6952 

30.98 

242.0 

37.56 

.7537 

28.31 

o«i 

1. 

" 

/ 

5Xxo^. 

Vt\y 

5X  10^. 

242.1 

28.64 

244.1 

24.29 

242.22 

28.21 

245.1 

23.05 

242.4 

27.43 

246.1 

22.08 

242.6 

26.77 

247.1 

21.26 

242.8 

26.23 

249.1 

19.70 

243.0 

25.81 

252.1 

17.67 

243.5 

25.20 
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Series   VI I. 

Potassium  Iodide.     Curve  4,  Fig.  2. 

^-3=  0. 1461,  C  =  0.209  /«-  cent ,  V=  0.431  c  c. ,  fr=  0. 122  .^ 


Liquid. 

/ 

5X  XO-. 

V\\i^ 

s  -yjyx  xo^. 

78.2 

1,416.0 

.3534 

500.2 

89.0 

1,497.0 

.3599 

538.9 

99.6 

1,553.0 

.3638 

565.0 

109.5 

1,663.0 

.3667 

615.1 

120.2 

1,718.0 

.3700 

647.1 

129.3 

1,753.0 

.3767 

666.2. 

139.5 

1,781.0 

.3801 

688.9 

149.5 

1,796.0 

.3868 

700.4 

170.4 

1,717.0 

.3933 

686.0 

179.2 

1,622.0 

.3967 

653.6 

199.2 

1,388.0 

.4134 

578.2 

208.5 

1,163.0 

.4167 

488.7 

219.1 

923.4 

.4201 

387.9 

224.8 

790.0 

.4167 

329.2 

234.0 

575.8 

.4134 

238.0 

236.0 

480.4 

.4034 

193.7 

238.0 

378.5 

.3933 

148.9 

239.0 

313.7 

.3868 

121.4 

240.0 

239.1 

.3599 

86.06 

241.0 

165.9 

.3100 

51.40 

Series   VI I L 
Potassium  Iodide.     Curve  4,  Fig.  2;  Curve  7,  Fig.  6. 
Constants  of  tube  and  solution  as  in  VII. 


Vapor. 

i 

Gas. 

/ 

5  X  10^.      i 

/ 

5Xxo^. 

235.0 

0.6291 

243.1 

53.48 

237.0 

0.9230     1 

245.1 

47.42 

239.0 

1.988 

247.0 

42.86 

240.0 

3.561 

250.3 

37.25 

241.0 

7.575 

255.2 

32.15 

242.0 

1 

18.65 

1 

Series  IX, 
Potassium  Iodide.     Curve  5,  Fig.  6. 
The  tube  was  filled  one  third  full  of  solution.     Owing  to  its  con- 
centration, the  solution  did  not  pass  through  the  critical  point,  but 
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collected  in  the  bottom,  becoming  very  concentrated.     At   259° 
there  was  only  a  trace  of  liquid  left. 

/:=  0.1461,  C^l.SZ  percent. 


Vapor. 

t 

5X  10^. 

/ 

5  X  »•. 

234.0 

1.500 

251.0 

49.30 

237.2 

1.899 

253.0 

69.26 

239.6 

2.432 

255.0 

82.31 

243.1 

6.135 

257.0 

104.2 

245.0 

11.01 

259.0 

125.3 

.    247.0 

16.84 

Series  X, 
Potassium  Iodide.     Curve  6,  Fig.  6. 
Same  tube  as  in  IX.  with  one  half  the  solution  removed.     In  this 
case  the  liquid  disappeared  by  evaporating  from  the  bottom  of  the 
tube. 


Oms. 

/ 

5Xio«. 

/ 

5Xxo«. 

249.0 
251.0 
254.0 

1.188 
1.360 
1.718 

257.0 
259.5 
262.2 

2.247 
5.979 
15.49 

Series  XI, 
Potassium  Iodide.     Curve  11,  Fig.  3. 
Constants  of  tube  and  quantity  of  solute  as  in  I.    W^=  0.0988  ig. 


Liquid. 


/ 

5xxo^. 

^,/K 

s  -y^iyxit^. 

238.2 

148.6 

.4639 

68.95 

239.2 

123.5 

.4677 

57.79 

240.2 

91.41 

.4685 

42.83 

240.7 

69.04 

.4693 

32.40 

240.9 

60.49 

.4624 

27.97 

241.0 

55.27 

.4535 

25.07 

241.1 

48.39 

.4444 

21.50 

241.2 

39.29 

.4064 

15.97 
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Oaa. 

/ 

5X10^. 

/ 

5X10^. 

241.3 

22.79 

244.2 

17.70 

241.4 

21.99 

245.2 

16.81 

241.5 

21.33 

246.2 

16.02 

241.6 

20.78 

247.2 

15.26 

241.7 

20.53 

248.2 

14.59 

241.9 

20.20 

250.2 

13.39 

242.4 

19.72 

253.2 

12.28 

243.2 

18.80 

Series  XII. 
Potassium  Iodide.     Curve  I2,  Fig.  3. 
Constants  of  tube  and  quantity  of  solute  as  in  I.      W^=  0.091 2Sg. 


Liquid. 


5Xxo». 


viv. 


239.9 

153.1              i 

.3905 

59.80 

240.9 

116.9              1 

.3905 

45.66 

241.4 

92.76 

.3905 

36.23 

241.6 

84.94 

.3811 

32.41 

241.8 

75.01 

.3725 

27.95 

241.9 

70.77 

.3547 

25.09 

242.0 

60.98            i 

.3367 

20.53 

242,1 

48.01            1 

.2898 

13.92 

5.F,/rxio». 


Gas. 


/ 

5Xxo«. 

/ 

242.2 

18.13 

243.8 

242.3 

16.54 

244.8 

242.4 

16.04 

245.8 

242.5 

15.89 

246.8 

242.7 

15.57 

248.8 

242.9 

15.32 

251.8 

243.4 

14.78 

5xxo«. 

14.24 
13.24 
12.69 
12.07 
10.90 
9.431 


Series  XIII, 
Potassium  Iodide.     Curve  13,  Fig.  3. 
Constants  of  tube  and  quantity  of  solute  as  in  I.      W^=  0.07  I42g. 
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Liquid.                                                                                                         1 

/ 

JXxo«.                1                  F,/^ 

^.iv^xxo*. 

237.1 

245.9 

.2845 

69.93 

238.1 

219.4 

.2734 

59.96 

239.1 

188.8 

.2453 

46.38 

239.6 

177.7 

.2328 

41.22 

240.1 

159.3 

.2148 

34.22 

240.3 

149.8 

.2013 

30.16 

240.4 

144.5 

.1832 

26.49 

~ 

Vap 

or.                                       1                                      Gas.                                                              | 

/ 

^  X  xo«.               1                    / 

JXxo«. 

237.1 

0.5795 

241.7 

6.785 

238.1 

0.7204 

241.8 

6.639 

239.1 

1.025 

242.0 

6.447 

239.5 

1.217 

242.5 

6.243 

240.1 

1.666 

243.0 

6.023 

240.3 

2.096 

244.12 

5.601 

240.7 

2.909 

245.1 

5.295 

241.0 

4.003 

246.1 

5.001 

241.22 

5.147 

247.1 

4.648 

241.4 

6.216 

249.1 

4.078 

241.5 

6.845 

252.1 

3.487 

241.65 

6.993 

Series  XIV. 
Potassium  Iodide.  Curve  14,  Fig.  3. 
A  tube,  constricted  to  a  small  capillary  at  the  middle,  was  filled 
with  solution  so  that  at  the  critical  point  the  tube  was  three  fourths 
full  of  liquid.  The  tube  was  heated  through  the  critical  point  with- 
out stirring.  In  the  curve  plotted  no  correction  was  made  for 
change  in  volume  of  the  liquid. 

A'zir  0.1393,  C:=0.1188/Vrr^if/.,    r=  0.464  r.r.,    W^=0.1363ir. 


/ 

5Xio». 

/ 

5Xxo^. 

238.0 

422.5 

241.5 

169.0 

238.9 

367.0 

241.6 

152.7 

239.9 

299.2 

241.8 

142.8 

240.6 

253.1 

242.0 

136.7 

241.0 

218.4 

242.2 

132.3 

241.2 

197.6 

242.6 

122.1 

241.3 

183.9 

243.1 

112.1 

241.4 

178.0 

243.6 

108.2 
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Series  XV. 
Potassium  Iodide.     Curve  15,  Fig.  4. 
Series  XV.-XX.  were  carried  out  with  the  same  tube  containing 
the  same  quantity  of  solute,  and  quantities  of  solvent  as  indicated. 
A^^  0.2781,  C  =0.11%%  per  cent.,    F=0.3981r.r.,   fr=  0.11636^. 


Oas. 


/ 

5Xxo^. 

1                 / 

5Xio». 

241.5 

56.41 

245.0 

45.51 

242.0 

53.95 

247.0 

41.68 

243.0 

50.54 

1             250.1 

36.97 

244.0 

47.90 

1 

Series  XVL 
Potassium  Iodide.     Curve  16,  Fig.  4. 
Constants  of  tube  and  quantity  of  solute  as  in  XV.    W=  o.  I023g. 


0«a. 

/ 

^Xio«». 

/ 

5Xxo». 

241.32 
242.0 
243.0 
244.0 

42.24 
36.35 
32.48 
30.59 

245.0 
247.0 
250.0 

28.80 
25.79 
22.04 

Series  XVII. 
Potassium  Iodide.     Curve  17,  Fig.  4. 
Constants  of  tube  and  quantity  of  solute  as  in  XV.    W  =  o.09684g. 


• 

0«a. 

/ 

JXxo». 

/ 

SXitfi. 

241.6 
242.0 
243.0 
244.0 

28.80 
26.54 
24.23 
22.47 

245.0 
247.0 
250.0 

21.25 
19.14 
16.90 

Series  XVIII. 
Potassium  Iodide.     Curve  18,  Fig.  4. 
Constants  of  tube  and  quantity  of  solute  as  in  XV.     W = 


0.08 1  Sg. 
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Oas. 


/ 

5Xio» 

/ 

5Xxo«. 

241.7 

16.56 

245.0 

7.886 

242.0 

10.09 

247.0 

7.081 

243.0 

9.3% 

250.0 

6.003 

244.0 

8.626 

Series  XIX. 
Potassium  Iodide.     Fig.  4,  Plate  IV. 
Constants  of  tube  and  quantity  of  solute  as  in  XV.     W^  0.07585. 


Oas. 


/ 

5XIO*. 

/ 

5Xxo«. 

241.3 

4.783 

245.0 

3.656 

242.0 

4.468 

247.0 

3.247 

243.0 

4.141 

250.0 

2.824 

244.0 

3.884 

Series  XX. 
Potassium  Iodide.     Curve  20,  Fig.  4. 
Constants  of  tube  and  quantity  of  solute  as  in  XV.    W^=  o.os88g. 


Ofts. 

/ 

SX  io«. 

/ 

^Xxo«. 

239.0 
241.0 
242.9 

1.892 
1.736 
1.662 

244.9 
247.2 
250.1 

1.521 
1.387 
1.230 

Series  XXI. 
From  curves  1 5-20  the  values  of  the  specific  conductivity  were 
obtained  for  the  temperatures  245°  and  250°.     These  values  are 
given  below  and  are  plotted  with  the  quantities  of  solvent  in  curves 
21  and  22,  Fig.  5. 


Solvent. 

Density. 

SXicfi 

45.6 

S50°. 

.1163  g. 

.251 

37.2 

.1023 

.220 

28.8 

22.0 

.09684 

.208 

21.2 

16.83 

.0815 

.178 

8.0 

6.0 

.0758 

.163 

3.7 

2.8 

.0588 

.127 

1.44 

1.2 

(  To  be  Concluded. ) 
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A   CONVENIENT   METHOD   OF   MOUNTING    CARBON 
RESISTANCES. 
By  Arthur  W.  Gray. 

T  ONGDEN  (Phys.  Rev.,  Dec,  1902,  p.  355) has  shown  how  to 
^-^  make  a  fairly  satisfactory  high  resistance  by  depositing  soot 
on  a  plate  of  glass  whose  ends  had  previously  been  silvered  with  a 
wedge-shaped  film.  A  modification  of  this,  which  can  be  very 
conveniently  mounted,  is  illustrated  in  the  accompanying  figure. 

A  tube  of  glass  is  substituted  for  the  plate.  The  ends  after  being 
silvered  are  snugly  wrapped  with  a  ribbon  of  stout  tin  foil,  which  is 
firmly  bound  on  with  copper  wire  so  as  to  make  good  contact  with 
the  silver.  Then  the  soot  is  deposited  and 
hardened  as  described  by  Longden.  To 
mount  the  resistance  thus  prepared,  a 
J-shaped  glass  tube  AB  and  a  shorter  U- 
shaped  one  CD  are  fastened  vertically  into 
a  block  of  paraffin  as  indicated.  The  lower 
portions  of  these  tubes  are  filled  with  mer- 
cury. The  resistance  tube  is  simply  slipped 
over  the  long  arm  B  of  the  J-tube  and  the 
end  of  the  wire  binding  the  tin  foil  at  the 
top  is  carried  down  through  B  until  it  makes 
contact  with  the  mercury ;  the  end  of  the 
wire  at  the  bottom  dips  into  the  mercury  in 
C,     The  soot  coating  is  protected  by  cover-  F^S-  ^• 

ing  with  a  large  test-tube,  which  is  prevented  from  slipping  about 
by  means  of  the  slightly  smaller  glass  ring  E  fastened  to  the  para- 
ffin.    A  and  D  form  the  terminals. 

A  block  of  wood  or  paraffin,  into  which  are  fastened  vertically  a 

number  of  glass  tubes,  can  be  conveniently  used  for  storing  a  series 

of  resistances  of  various  magnitudes,  so  that  when  one  is  wanted, 

all  that  is  necessary  is  to  transfer  it  from  the  rack  to  the  mounting. 

Berlin,  October  19,  1903. 
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NOTE. 


George  Gabriel  Stokes,  —  G«orge  Gabriel  Stokes  was  bom  in  Ireland 
on  August  13,  181 9.  His  father,  the  Rev.  Gabriel  Stokes,  was  rector  of 
the  church  in  the  little  village  of  Skreen,  Sligo  Co.,  his  mother  being  a 
daughter  of  the  rector  of  Kilrea.  He  was  sent  for  his  early  education  to 
Dr.  VVahl's  school  in  Dublin  and  afterwards  to  the  College  in  Bristol, 
whence  in  1837  he  proceeded  to  Cambridge,  entering  at  Pembroke  Col- 
lege. His  life  was  henceforth  fully  identified  with  the  interests  of  his 
college.  He  was  elected  to  a  fellowship  just  after  taking  his  degree  in 
1841,  and  retained  it  until  his  marriage  in  1857  to  a  daughter  of  the  Rev. 
T.  R.  Robinson,  D.D.,  Director  of  Armagh  Observatory.  Under  the 
statutes  of  the  university  at  that  time  in  force,  this  event  compelled  him 
to  vacate  his  fellowship,  but  he  was  reelected  in  1869  under  the  new 
statutes  and  only  resigned  in  1902,  when  he  was  83  years  old,  to  become 
Master  of  the  College.  His  tenure  of  the  latter  post  was  short ;  he  died 
on  February  1,  1903. 

Practically  the  whole  of  Stokes's  scientific  life  was  connected  with  the 
interests  of  two  bodies  —  his  University  and  the  Royal  Society.  He 
graduated  as  senior  wrangler  in  1841,  the  first  of  the  great  triumvirate 
which  attained  the  coveted  honor  in  three  successive  years  —  Stokes, 
Cay  ley,  Adams.  There  were  giants  in  those  days.  Sylvester  and 
George  Green  had  taken  their  degrees  in  1837  and  Lord  Kelvin  followed 
in  1845,  ^'^^  chief  amongst  those  of  note  in  other  lines,  was  Charles 
Kingsley,  who  took  honors  in  mathematics  and  classics  in  1842.  This 
period  was  in  reality  not  far  removed  from  the  time  when  British  mathe- 
matics had  been  entirely  isolated.  Until  the  beginning  of  the  century 
Newton's  methods  and  fluxional  notation  were  almost  exclusively  em- 
ployed and  it  was  only  some  ten  years  before  Stokes  matriculated  that 
the  influence  of  Woodhouse,  aided  later  by  Peacock,  J.  F.  W.  Herschel, 
Babbage,  Whewell,  Airy  and  others,  was  successful  in  completely 
establishing  continental  methods  for  examination  purposes  and  in  forc- 
ing the  recognition  of  the  mathematical  work  which  had  made  such  ad- 
vances outside  the  country.  Thus  the  men  of  the  period,  in  the  middle 
of  which  came  Stokes,  had  the  advantage  of  being  trained  by  those  who 
were  thoroughly  grounded  in  the  old  methods  but  who  had  spent  time 
and  energy  in  working  up  and  introducing  the  new.  Neither  was  the 
intellectual  activity  of  the  pioneers  of  the  new  movement  confined  to 
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research  in  mathematics.  Text-books  had  been  written  setting  forth  the 
continental  methods,  and  translations  of  foreign  works  had  been  made. 
A  classical  tripos  had  been  established  in  1824,  but  all  candidates  who 
went  in  for  it  were  required  to  have  taken  honors  previously  in  mathe- 
matics—  a  rule  abolished  in  1850. 

The  mathematical  power  of  Stokes  began  to  show  itself  immediately. 
His  first  paper  was  published  the  year  after  he  took  his  degree  and  the 
decade  which  followed  was  certainly  the  most  fruitful  of  his  life  in  regard 
to  the  equality  and  quantity  of  the  work  which  has  come  directly  from 
his  pen.  The  Royal  Society  Catalogue  contains  the  titles  of  over  fifty 
papers  printed  within  this  period,  and  many  of  these  are  not  only  of  far- 
reaching  importance  but  mark  the  beginnings  of  his  researches  into  al- 
most every  department  of  mathematical  physics  —  hydrodynamics,  light, 
elastic  solids,  the  mathematical  expression  of  wave  motion  by  Fourier's 
series,  sound  and  conduction  of  heat.  Modest  as  he  was  concerning  his 
own  achievements,  he  thought  nearly  all  of  these  papers  sufficiently  good 
to  be  included  in  his  collected  works,  the  first  three  volumes  of  which 
cover  this  period  alone.  To  mention  a  few  of  the  most  important,  we 
have  the  researches  **On  the  Steady  Motion  of  Incompressible  Fluids" 
and  **On  the  Theories  of  the  Internal  Friction  of  Fluids  in  Motion,  and 
of  the  Equilibrium  and  Motion  of  Elastic  Solids,'*  with  a  **  Supplement,** 
which  together  constitute  the  complete  foundation  of  the  hydrokinetics 
of  the  present  day.  In  the  paper  **  On  the  Effect  of  the  Internal  Friction 
of  Fluids  on  the  Motion  of  Pendulums,  *  *  he  considers  and  works  out  the 
effect  of  viscosity  on  various  kinds  of  motion.  Deep  sea  waves  and  the 
solitary  wave  are  very  fully  treated  in  the  memoir  **  On  the  Theory  of 
Oscillatory  Waves.**  But  the  theory  of  light  was  the  subject  in  which 
he  seems  to  have  been  most  willing  to  work.  The  two  papers  **  On  the 
Dynamical  Theory  of  Diffraction,**  and  **On  the  Change  of  Refrangi- 
bility  of  Light,'*  in  the  latter  of  which  fluorescence  is  described  and  ex- 
plained, would  have  alone  sufficed  to  make  his  reputation. 

Two  further  papers,  **On  the  Critical  Values  of  the  Sums  of  Periodic 
Series**  and  **On  the  Numerical  Calculation  of  a  Class  of  Definite  Inte- 
grals and  Infinite  Series,**  must  be  mentioned,  not  only  because  of  their 
great  intrinsic  value,  but  also  because  they  show  that  the  author  was  right 
abreast  of  the  developments  in  pure  mathematics  at  that  time  and  that  he 
was  able  to  advance  them  and  use  them  as  an  instrument  of  research  for 
the  investigation  of  physical  problems. 

This  last  fact  is  perhaps  worth  insisting  on  at  the  present  time,  when 
the  separation  between  pure  mathematics  and  physics  has  become  far 
wider  than  is  advantageous  for  either.  The  physicist  works  mainly  in  his 
laboratory,  the  mathematician  at  his  desk,  neither  entrenching  on  the 
domain  of  the  other.     Even  the  magnificent  work  of  Poincar^,  introduc- 
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ing  the  rigorous  and  fruitful  methods  of  pure  mathematics  for  the  treat- 
ment of  physical  problems,  is  only  a  partial  step  in  the  right  direction. 
With  Stokes  this  divorce  never  occurred  ;  experiment  went  hand  in  hand 
with  theory.  As  early  as  1840  he  liad  fitted  up  a  small  laboratory  in  his 
rooms,  of  simple  character  it  is  true,  but  none  the  less  sufficient  to  test, 
sometimes  searchingly,  the  results  of  his  theories.  And  it  was  the  same  all 
through  his  life.  He  was  never  content  to  leave  a  theory  unconfirmed  by 
experiment,  and  if  a  new  observation  were  made  it  must  be  compared  with 
theory.  These  qualities  are  especially  noticeable  in  some  of  his  earlier 
papers.  In  that  on  internal  friction,  he  explains  the  suspension  of  clouds 
and  the  subsidence  of  ripples  and  waves  after  a  storm  ;  in  those  on  oscil- 
latory wave  motion,  the  well-known  experiments  of  Scott  Russell  are  fully 
considered  ;  his  paper  on  diffraction  is  divided  into  two  parts  consisting 
of  his  theory  and  of  the  experiments  which  he  made  to  test  it,  and  so  on. 
Later  in  life  he  would,  in  a  short  note  or  a  few  remarks,  give  the  main 
outline  of  an  explanation  of  some  new  phenomenon  ;  further  research  by 
others  usually  proved  him  to  be  correct. 

This  active  period  quickly  brought  recognition  to  him.  In  1849  he 
succeeded  to  the  Lucasian  chair  of  mathematics  in  Cambridge,  a  post 
held  previously  by  Isaac  Barrow,  Newton,  Woodhouse,  Airy  and  Babbage, 
and  five  years  later  he  was  elected  secretary  to  the  Royal  Society.  He 
was  not  content  with  delivering  the  two  courses  of  lectures  required  of 
the  professor  by  the  regulations.  He  let  it  be  known  that  he  considered 
it  part  of  his  duty  to  help  students  in  their  work,  and  such  help  from  a 
man  like  Stokes  was  not  to  be  despised.  He  was  always  ready  to  give 
assistance,  whether  it  was  asked  for  work  already  started,  or  in  suggesting 
new  problems  to  be  undertaken,  or  in  giving  encouragement  where  failure 
seemed  likely.  This  trait  was  even  more  conspicuous  during  his  thirty- 
one  years'  tenure  of  the  Royal  Society  position.  Naturally  brought  into 
contact  with  all  the  best  work  which  was  being  done  throughout  the 
country,  he  largely  gave  himself  up  to  helping  others.  This  was 
undoubtedly  the  main  reason  for  the  smaller  output  after  this  time.  As 
against  50  papers  produced  up  to  1852,  we  find  only  56  from  then  until 
the  end  of  1883,  and  many  of  the  latter  consist  of  addresses  and  short 
notes  on  such  subjects  as  chemistry,  details  of  instruments,  and  history 
of  science,  all  valuable  but  perhaps  not  epoch-making  like  the  earlier 
memoirs.  His  reward  was  the  frequent  acknowledgment  of  his  assis- 
tance which  those  alone  who  had  received  knew  how  to  appreciate.  A 
generous  tribute  is  given  by  Lord  Kelvin  *  of  his  own  indebtedness,  and 
a  further  one  by  an  anonymous  writer,'  who  tells  that  though  he  was  pre- 
viously quite  unknown,  some  work  of  his  attracted  the  attention  of  Stokes 

1  Nature,  February  12,  1903. 
^Ibid,y  February  19,  1903. 
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and  a  correspondence  was  started  in  the  course  of  which  on  one  particular 
day  he  received  as  many  as  three  letters  and  a  telegram !  It  is  unneces- 
sary to  say  a  word  on  the  quality  of  the  assistance  given.  It  was  the  same 
throughout ;  knowledge  and  time  were  always  at  the  disposal  of  small 
and  great. 

It  has  been  said  that  much  of  Stokes's  work  was  given  to  others,  and 
indeed  some  of  it  was  never  published  in  scientific  journals  at  all.  An 
instance  of  this  occurs  with  reference  to  the  transformation  of  a  line 
integral  into  a  surface  integral  which  he  put  as  a  question  in  a  Smith's 
prize  examination  paper  in  1854.  Again,  he  had  thought  out  the  physi- 
cal basis  of  the  solar  spectrum  some,  seven  years  before  Kirchhoff,  and 
had  been  in  the  habit  of  lecturing  on  it.  Stokes  deprecated  any  attempt 
to  obtain  for  himself  the  credit  of  this  discovery,  saying  that  he  had 
fidled  to  take  an  essential  step  in  the  process.  It  is  possible  that  the 
papers  he  left  behind  will  tell  even  more  of  his  own  work  than  we  know 
now,  and  they  will  doubtless  add  much  to  the  scientific  history  of  the 
second  half  of  the  last  century. 

Amongst  other  honors,  Stokes  received  the  Rumford  medal  in  1852, 
the  Copley  medal  in  1893,  was  Burnett  Lecturer  1883-5,  Cifford  Lec- 
turer 1890-2,  and  was  created  a  barontt  in  1889  when  Lord  Salisbury 
was  prime  minister. 

In  1885,  Stokes  received  the  highest  scientific  honor  which  England 
has  to  bestow  —  the  Presidency  of  the  Royal  Society  ;  this  he  held 
until  1890.  From  1887-1892  he  represented  the  University  in  Parlia- 
ment. Being  still  Lucasian  Professor,  he  thus  attained  the  unique  dis- 
tinction of  holding  the  three  positions  simultaneously.  Only  once  before 
had  one  man,  Isaac  Newton,  occupied  them  all,  and  in  his  case  the 
tenures  were  at  different  periods  of  his  life.  In  1899,  Cambridge  Uni- 
versity fittingly  celebrated  the  jubilee  of  his  election  as  professor,  invit- 
ing representatives  from  all  parts  of  the  world  and  publishing  a  memorial 
volume  of  the  Transactions  of  the  Cambridge  Philosophical  Society  a  body 
to  which  many  of  his  papers  had  been  communicated.  Although  at  this 
time  about  to  enter  his  eighty- first  year,  he  seemed  able  to  endure  fatigue 
without  showing  signs  of  his  advanced  age.  On  the  chief  day  set  apart 
by  the  university,  he  attended  morning  and  afternoon  congregations  of 
the  senate,  a  lunch,  and  a  late  banquet,  and  the  following  day  was  early 
in  London  to  attend  a  committee,  only  closing  his  labors  on  various 
matters  late  that  night. 

A  word  must  be  said  concerning  Stokes's  relation  to  religious  questions, 
partly  because  they  evidently  entered  much  into  his  thoughts  and  formed 
an  essential  part  of  his  character,  and  partly  because  during  the  last 
twenty  years  of  his  life  there  were  published  addresses  and  papers 
on  the  question  by  him.      On  several  occasions  he  spoke  before  the 
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Church  Congress,  the  Victoria  Institute  and  other  bodies  on  the  relation 
between  science  and  &ith.  What  value  is  to  be  set  on  these,  this  is  not 
the  place  to  discuss ;  it  is  sufficient  to  mention  that  he  took  a  prominent 
part  in  the  efforts  made  in  England  in  educating  the  public  to  higher 
views  of  the  relations  of  science  to  theology,  and  in  rescuing  the  study 
of  the  former  from  the  doubtful  position  which  it  had,  even  among  some 
of  the  more  advanced  students  of  religious  questions.  His  own  person- 
ality and  the  methods  of  treatment  which  he  adopted  were  always  on  the 
side  of  promoting  good  feeling  and  tending  towards  the  prevention  of 
acrimonious  discussion  amongst  those  whose  opinions  differed  most  widely. 
He  avoided,  as  a  rule,  dogmatic  statements  and  treated  the  questions  in 
his  usual  scientific  manner,  allowing  his  own  opinions  to  be  inferred 
rather  than  expressly  stated. 

The  published  portraits  of  Stokes,  representing  him  with  a  somewhat 
severe  type  of  countenance,  fail  to  bring  out  a  characteristic  expression. 
Ordinarily  silent  in  society,  he  would  freely  talk  on  any  subject  that  in- 
terested him.  While  telling  of  some  remarkable  fact  or  observation,  the 
broad  high  forehead  would  pucker  into  a  thousand  wrinkles  and  a  smile 
would  light  up  his  face  with  a  brilliancy  which  seemed  to  show  a  con- 
centrated picture  of  the  whole  man.  Those  who  had  the  privilege  of  lis- 
tening to  his  highly-finished  and  carefully  worded  lectures  on  the  wave- 
theory  of  light  delivered  without  a  note,  or  of  watching  the  simple 
experiments  and  diagrams  with  which  he  illustrated  them,  will  remember 
how  eagerly  they  looked  for  the  first  symptoms  of  this  change.  The  lec- 
tures, too,  were  characteristic.  Toward  the  end  of  the  course,  evidently 
wishing  to  give  more  than  was  possible  in  the  limited  time,  he  would 
continue  further  and  further  over  the  allotted  hour  until  the  last  day 
when,  on  one  occasion,  amid  the  gradual  disappearance  of  the  class  to 
fulfill  other  engagements,  he  kept  those  who  remained  interested  for 
nearly  three  hours. 

There  was  but  little  apparent  failure  of  Stokes's  physical  and  intellec- 
tual powers  until  within  a  few  days  of  his  death  at  the  age  of  eighty-three. 
He  died  as  he  had  lived  —  in  harness  —  and  a  great  figure  passed  away 
from  the  scene  at  the  close  of  a  well-rounded  and  successful  career.  His 
work,  mainly  on  wave-motion  and  the  tranformations  which,  in  its  dif- 
ferent forms,  it  undergoes  under  various  circumstances,  has  already  taken 
a  permanent  place  in  the  history  of  science.  And  he  has  left  behind 
with  those  who  knew  him  a  memorial  of  himself  which  will  not  be  easily 
effaced. 

E.  W.  B. 
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NEW  BOOKS. 

Mineralogy,     By  Henry  A.  Miers.     London  and  New  York,  The 
Macmillan  Company,  1902.     Pp.  584. 

The  limitations  in  the  scope  of  this  text-book  are  perhaps  best  indi- 
cated by  a  quotation  from  the  preface  :  **  The  student  will  not  find  in 
the  following  pages  any  systematic  account  of  the  modes  of  occurrence  of 
minerals,  their  geological  distribution,  their  origin,  their  alterations,  or 
their  artificial  reproductions.**  These  topics  are  set  aside  as  deserving 
to  form  a  separate  volume. 

The  matter  selected  for  treatment  in  the  book  is  taken  up  in  two  parts : 
I.,  The  Properties  of  Minerals,  and  II.,  Description  of  the  More  Impor- 
tant Mineral  Species.  The  most  extensive  chapters  in  Part  I.  are  those 
dealing  with  **  The  Crystalline  Form  **  and  **  The  Optical  Properties  of 
1  rystals.  * '  Both  these  topics  are  treated  with  accuracy  and  with  a  distinct 
originality  in  the  method  of  presentation.  In  the  opinion  of  the  re- 
viewer, these  chapters  are  suited  to  supplement  rather  than  to  supplant 
the  more  usual  styles  of  treatment.  In  the  matter  of  obliterating  the 
sharp  distinction  between  the  conceptions  crystal  and  mineral^  which 
should  exist  in  the  mind  of  the  student,  and  doubtless  does  exist  in 
the  mind  of  the  author,  the  book  bears  an  unfortunate  similarity  to 
many  of  its  predecessors.  In  most  cases  emphasis  is  laid  on  actual  de- 
terminations of  the  various  physical  properties  of  minerals  by  the  stu- 
dent, and  much  attention  is  given  to  the  apparatus  and  methods  for  mak- 
ing these  determinations.  In  this  respect  the  book  is  suggestive  but  not 
at  all  exhaustive.  Especial  mention  might  be  made  of  the  attention 
given  to  specific  heat,  also  of  the  discussions  upon  the  relations  between 
the  properties  of  minerals,  etc. 

In  Part  II.  the  aim  is  to  describe  the  more  common  species  rather  fully, 
omitting  the  rarer  minerals  entirely.  Consequently  only  about  250  of 
the  1,000  known  varieties  and  species  are  mentioned.  The  descriptions 
are  interesting  to  an  unusual  degree,  and  lay  especial  stress  on  the  pecu- 
liarities which  can  be  readily  observed  by  the  learner.  The  classifica- 
tion of  species  is  not  readily  comprehensible.  For  instance,  mica  and 
tourmaline  are  placed  in  the  section  entitled  **  Silicates  Containing 
Halogens,'*  while  topaz  and  sodalite  are  not  included.  Many  such  in- 
stances could  be  cited. 


Digitized  by 


Google 


64  NEW  BOOKS.  [Vol.  XVIII. 

With  all  its  lack  of  logical  development  in  the  arrangement  of  details, 
the  book  may  be  characterized  as  accurate,  suggestive,  original  in 
method,  and  distinctly  progressive  in  matters  pertaining  to  crystal- 
lography. Its  usefulness  as  a  book  of  reference  has  been  purposely  sacri- 
ficed in  order  to  attain  greater  efficiency  as  a  text-book,  yet  the  tables  of 
physical  properties  —  index  of  refraction,  double  refraction,  optical  angle 
and  specific  gravity  —  will  be  found  helpful  to  many  besides  the  begin- 
ners in  mineralogy. 

A  word  should  be  added  with  regard  to  the  illustrations.  They  have 
in  a  remarkable  degree  the  property  of  illustrating.  Even  in  the  rare 
instances  where  there  are  flagrant  inaccuracies  of  execution  (^.  ^.,  Fig. 
271),  the  main  idea  is  clearly  conveyed. 

On  the  whole,  this  new  text -book  seems  well  adapted  to  improving  the 
quality  of  instruction  given  in  the  subject  of  mineralogy. 

A.  C.  Gill. 

A  Laboratory  Manual  of  Physics,  By  H.  C.  Cheston,  P.  R.  Dean 
and  C.  E.  Timmerman.  New  York,  American  Book  Co.,  1902.  Pp. 
128. 

This  book,  written  to  meet  the  needs  of  the  high  schools  of  New  York, 
has  found  its  way  into  a  larger  circle  of  readers.  The  experiments  here 
described  are  72  in  number  and  are  distributed  as  follows:  To  the  mechanics 
of  solids,  22  ;  of  liquids,  6  ;  of  air,  5  ;  to  sound,  3  ;  to  heat,  9  ;  to  light, 
8;  to  electricity  and  magnetism,  22.  Many  of  the  exercises  are  iden- 
tical with  those  found  in  Hall  and  Bergen's  book.  The  large  majority  of 
the  exercises  are  quantitative  in  character.  THey  are  aimed  to  meet  the 
requirements  of  Harvard  University ;  of  the  syllabus  of  the  Middle  States 
Examination  Board  and  that  of  the  regents  of  New  York  State.  Each 
experiment  includes  a  statement  of  the  object  of  the  exercise,  the  appa- 
ratus needed,  directions  for  work,  a  tabular  form  for  recording  the  meas- 
urements and  a  conclusion.  The  tabular  forms  suggesting  methods  of 
record  are  a  very  valuable  feature  of  the  book.  The  directions  are  clear, 
concise  and  logical.  Experience  shows  that  some  of  the  exercises  are  too 
long  for  the  time  that  can  ordinarily  be  assigned  to  them.  This  is  true 
of  Ex.  5,  **The  relation  between  the  weight  of  a  displaced  liquid  and 
the  loss  of  weight  of  the  solid.*'  This  should  be  separated  into  two. 
Some  experiments,  e,  ^.,  Ex.  9,  "To  determine  the  pressure  of  the  air 
on  a  square  centimeter  of  surface**  would  better  be  performed  on  the 
lecture  table.  Many  illustrations  and  cuts  are  given  and  a  table  of  phys- 
ical constants  and  trigonometric  functions  is  added. 

R.  H.  Cornish. 
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ON   THE   VELOCITY   OF   LIGHT   IN   A   MAGNETIC 
'       FIELD. 

By  John  Mills. 

OEVERAL  investigations  have  at  various  times  been  undertaken 
•^  to  determine  the  nature  of  the  Faraday  *'  effect/*  The  kine- 
matical  explanation  of  the  rotation  of  the  plane  of  polarization  in 
natural  rotatory  substances  by  the  assumption  of  two  oppositely 
polarized  circular  components  which  travel  with  different  velocities 
has  led  many  investigators  to  a  similar  explanation  in  the  case  of  a 
magnetic  rotation  of  the  plane  of  polarization.  The  more  important 
of  these  investigations  of  the  velocity  of  light  in  traversing  a  medium 
in  an  electromagnetic  field  are  those  of  Messrs.  Righi/  Brace  ^  and 
Morley  and  Miller.^  In  every  case  the  method  has  been  to  note 
the  shifting  of  the  interference  bands  formed  by  the  divided  portions 
of  the  same  beam,  one  portion  of  which  has  traversed  a  medium  in 
a  magnetic  field. 

The  investigation  which  is  here  described  was  performed  with 
the  apparatus  granted  to  Messrs.  Morley  and  Miller  by  the  A. A.A.S. 
Their  apparatus  consisted  of  the  more  general  type  of  a  Michelson 
interferometer  in  the  path  of  each  ray  of  which  was  placed  a  tube  of 
carbon  bisulphide,  surrounded  by  a  coil  and  supported  independently 
of  the  coil.     The  coils  were  differentially  wound  and  each  winding 

*Nuov.  Cim.,  3,  1878,  Beibl.  2,  p.  715. 
«Wied.  Ann.,  26,  p.  576,  1885. 

>Phys.  Rev.,  7,  p.  288,  1898.  See  also  Becquerel,  Compt.  rend.,  88,  p.  334,  1879, 
Bcibl.  4,  p.  624.    Cornu,  Compt.  rend.,  99,  p.  1045,  1884,  Beibl.  9,  p.  273. 
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had  independent  terminals  allowing  the  separate  windings  to  be  con- 
nected in  series  or  differentially.  Connecting  Jthe  windings  of  one 
coil  in  series  and  those  of  the  other  differentially  they  obtained  the 
same  current  and  consequently  the  same  heating  effect  in  both,  while 
only  one  coil  acted  as  a  solenoid.  By  a  proper  adjustment  of  their 
apparatus  fringes  were  visible  formed  not  only  from  the  end  mirrors 
of  the  interferometer  but  also  two  other  sets  one  from  the  two  glass 
plates  covering  the  nearer  ends  of  the  two  brass  tubes  and  another 
from  the  plates  at  the  further  ends.  Any  shifting  due  to  mechanical 
causes  was  then  observable  in  the  last  two  sets.  A  slight  displace- 
ment noticeable  on  the  making  or  breaking  of  the  current  circuit  — 
but  not  apparent  in  the  last  two  sets  of  fringes  mentioned  above,  and 
therefore  due  to  change  in  the  sulphide  —  many  times  however  as 
large  as  the  effect  suspected  from  the  mathematical  analysis  of  Mr. 
Eddy,*  suggested  a  change  in  the  density  of  the  carbon  bisulphide. 
Experiment  failed  however  to  detect  any  such  change  of  density  or 
volume.  Using  natural  light  from  a  sodium'  burner  or  sometimes 
interposing  a  Nicol  prism  they  were  unable  to  observe  any  shifting 
of  the  fringes  indicating  a  change  in  velocity. 

In  the  present  experiment  two  changes  were  made  in  the  method. 
First :  the  light  used  was  passed  through  a  1-4^  plate  after  leaving 
the  Nicol,  for  both  Righi  and  Brace  had  noted  in  their  researches 
that  no  shifting  occurred  or  was  to  be  expected  for  plane  polarized 
light.  Second :  the  chance  of  a  shifting  of  the  bands  due  to  any 
mechanical  cause  was  entirely  eliminated  by  the  use,  instead  of  a  sin- 
gle quarter  wave  plates  of  a  Dravais  double  plate  giving  one  half  of 
the  field  of  right-  and  the  other  half  of  left-handed  circularly  polarized 
light.  The  interference  bands  were  then  adjusted  perpendicularly 
to  the  dividing  line  of  the  plate.  Any  shifting  then  due  to  mechan- 
ical causes  would  be  in  the  same  direction  for  both  sets  of  bands ; 
on  the  other  hand  any  displacement  of  one  half  over  the  other 
would  indicate  a  differential  change  in  velocity.  The  separate  wind- 
ings could  now  be  connected  in  series,  making  both  coils  solenoids 
and  disregarding  the  mechanical  effect  of  their  juxtaposition.  By 
these  two  means  for  the  same  current  as  before  an  effect  of  four 
times  the  magnitude  was  to  be  expected. 

iPHYs.  Rev.,  7,  p.  283,  1898. 
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With  the  apparatus  just  described  a  distinct  shifting  of  the  fringes 
was  noticed,  and  this  shifting  increased  with  the  current.  By  inter- 
posing a  rheostat  in  the  system  the  current  could  be  gradually 
increased  until  the  shifting  amounted  to  a  full  band  —  that  is  until 
the  fringes  again  coincided.  Then  using  about  this  same  intensity 
of  current  the  connection  was  made  and  the  current  adjusted  more 
delicately  with  the  rheostat  until  the  coincidence  appeared  perfect. 
The  writer  observed  at  the  telescope.  The  ammeter  readings,  how- 
ever, were  taken  by  an  assistant  and  were  not  announced  until  the 
set  was  completed.  The  total  drop  of  potential  across  the  termi- 
nals of  the  system  was*  changed  after  every  other  reading-  by  the 
addition  or  subtraction  of  a  portion  of  the  storage  cells  used.  In 
this  way  the  observer  was  ignorant  of  the  probable  current  readings 
for  various  positions  of  the  rheostat  lever  arm.  As  the  light  form- 
ing the  fringes  had  traversed  in  each  tube  some  1 50  centimeters  of 
the  sulphide  fringes  formed  could  not  be  read  accurately  much  be- 
yond 1-15.  For  example:  the  largest  deviation  from  the  mean 
in  the  case  of  one  band  (see  Table  I.)  was  .93  ampere,  giving  a 
sensibility  of  about  one  part  in  fifteen. 

A  more  recent  paper  of  Mr.  Brace  *  has  shown  that  the  velocity 
of  a  circular  ray  in  the  direction  of  the  amperian  currents  is  accel- 


Table  I. 

For  a  displacement  of  one  band. 


Ammeter 
Reading. 


13.4 

13.6 

14.15 

13.6 

14 

13.25 

13.2 

13.6 

13.5 

12.9 

13.4 


Correspondinif  Difference    |       Ammeter 
ot  Phase  of  the  !    Readinee 

Two  Circular  Components.  * 


367.1 

372.6 

387.6 

372.6 

383.5 

363 

361.7 

372.6 

369.8 

353.4 

367.1 


13.5 

13.2 

13.3 

13.5 

12.5 

13.4 

13.45 

13.45 

13.7 


.  Correspondinif  Difference 

ot  Phase  of  the 
Two  Circular  Components. 


369.8 
361.7 
364.4 
369.8 
342.5 
367.1 
368.5 
368.5 
375.3 


Mean    367.9* 


'  The  Obserradon  of  the  Resolution  of  Light  into  its  Circular  Components  in  the 
Farmday  Effect,  Phil.  Mag,^  April,  1901,  p.  464. 
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erated.  It  was  assumed  then  that  the  effect  observed  was  due  to 
that  cause.  To  check  the  results  obtained  with  the  corresponding 
rotation  which  would  have  been  noticed  in  the  case  of  plane  polar- 
ized light  a  set  of  readings  of  the  current  necessary  to  rotate  the 
plane  of  polarization  90°  was  taken  for  each  coil.  For  one  coil 
this  value  was  found  to  be  13.06  amperes,  for  the  other  13.23.  Of 
these  sets  the  mean  is  13.14  amperes.  The  accuracy  of  this  result 
is  within  one  per  cent.  The  current  then  that  would  be  necessary 
in  the  case  of  a  series  connection  to  produce  a  shift  of  one  band 
would  be  13.14.  In  the  preceding  table  it  is  to  be  noted  that 
the  current  mentioned  above  with  the  form  of  apparatus  used  is 
equivalent  to  a  rotation  of  the  plane  of  polarization  of  180°,  that  is 
to  a  difference  in  phase  between  the  two  circular  components  of  360°. 


Tab 

LE   II. 

For  a  dhplacemi 

ntt  of  three  ban 

Ammeter 
Reading. 

ds. 

Ammeter 
Readinifs. 

Correspondlnif  Difference 

of  Phase  of  the 
Two  Circular  Components. 

Correspondinir  Difference 

of  Phase  of  the 
Two  Circular  Components. 

39 

1067» 

42 

1150 

38 

1041 

40.5 

1110 

41 

1123 

1          40 

1093 

39 

1067 

1          40.5 

1110 

39.5 

1082 

1          41 

1123 

40 

1093 

!          42 

1150 

41.5 

1136 

40.5 

1110 

40.5 

1110 

39 

1067 

40.5 

1110 

40 

1093 

39 
40.5 

1067 
1110 

1 

Mean     1101*» 

A  further  set  of  readings  was  taken  for  a  larger  current.  The 
system  was  connected  with  the  5 00- volt  power  circuit  of  the  local 
traction  company.  A  water  rheostat  was  used  and  both  the  rheo- 
stat and  ammeter  manipulated  by  an  independent  observer.  The 
current  was  increased  until  the  writer  had  counted  three  full  bands  ; 
upon  the  coincidence  of  the  third  the  ammeter  reading  was  taken  at 
his  call.  The  current  was  then  still  further  increased  until  the  coin- 
cidence was  no  longer  perfect  and  decreased  at  the  observer's  call 
until  the  coincidence  of  the  third  band  again  seemed  perfect ;  at  this 
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point  another  ammeter  reading  was  taken.  Owing  to  the  rapidly 
changing  current  due  to  the  heating  effect  on  the  coils  and  the  rheostat 
the  ammeter  readings  could  not  be  taken  more  accurately  than  within 
two  per  cent.  There  was  lacking  as  well  the  deliberation  of  setting 
possible  for  a  smaller  current,  as  the  fringes  formed  were  quickly  sus- 
ceptible to  changes.  A  difference  of  one  tenth  of  a  band  was  easily 
observable,  however.  In  general  only  one  or  two  readings  could 
be  taken  at  a  time.  The  coils  were  then  allowed  to  cool  before  the 
next  reading. 

A  shifting  of  four  bands  was  noticed  for  a  current  of  some  52 
amperes,  but  the  heating  effects  of  such  a  large  current  made  it  im- 
possible to  obtain  a  set  of  readings  for  that  displacement  with  the 
same  degree  of  accuracy  as  was  possible  in  the  preceding  sets. 

The  writer  was  unable  to  detect  any  asymmetry  in  the  amount  of 
acceleration  of  one  component  as  compared  to  the  corresponding 
retardation  of  the  other.  A  cross  hair  was  used  in  the  observing 
telescope  and  the  two  sets  of  fringes  were  observed  to  shift  sym- 
metrically with  respect  to  it. 

The  experiment  just  described  was  undertaken  at  the  suggestion 

of  Dr.  D.  B.  Brace  to  whom  the  writer  wishes  to  express  his  thanks 

for  his  interest. 

Physical  Laboratory,  University  of  Nebraska,  Lincoln, 
August  6,  1903. 
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A    HALF-SHADE   ELLIPTICAL   POLARIZER   AND 
COMPENSATOR. 

By  D.  B.  Brace. 

pRESNEL*  has  shown  that  the  intensity  of  a  beam  of  polarized 
light  of  unit  amplitude,  after  passing  through  two  double 
refracting  plates  and  an  analyzing  nicol  is  given  by  the  formula. 

cos'  s  +  sin  2i'  sin  2a  cos  2(a  +  j*'  —  j  )  sin'  tzN' 

—  cos  2i'  sin  2a  sin  2(a  +  /'  —  j)  sin'  i:N 

—  sin  2i'  cos'  a  sin  2{a  +  i'  -- s)  sin'  7r(A^'  +  N) 
+  sin  21'  sin'  ^z  sin  2(a  +  /'  —  j)  sin'  ;r(A^'  —  A^) 

where  the  primes  refer  to  the  first  plate,  s  is  the  azimuth  of  the 
final  with  the  initial  plane  of  vibration,  /'  the  azimuth  of  the  princi- 
pal component  of  vibration  in  the  first  plate,  a  the  azimuth  of  the 
principal  vibration  in  the  second  plate  with  that  of  the  first  and  N 
the  differential  order  of  the  double  refraction  of  the  plates.  If 
instead  of  a  first  plate  of  uniform  thickness  we  suppose  two  in  juxta- 
position of  different  thicknesses  but  in  the  same  azimuth,  then,  if 
the  nicols  are  crossed,  we  have,  as  the  condition  for  a  match,  since 

s  =  90°  and  t^  =  /", 

—  sin  2/'  sin  2a  cos  2{a  +  /')  sin'  ttN^ 

+  cos  2/'  sin  2a  sin  2(a  +  i')  sin'  nN 
+  sin  2i'  cos'  a  sin  2{a  +  i')  sin'  n{N'  +  N) 

—  sin  2/'  sin'  a  sin  2{a  +  i')  sin'  it(N'  —  N) 
s=  —  sin  2t'  sin  2a  cos  2{a  +  /')  sin'  nN" 

-f  cos  2/'  sin  2a  sin  2{a  +  /')  sin'  nN 

-f  sin  2/'  cos'  a  sin  2{a  +  /*')  sin'  ;r(A^"  +  N) 

—  sin  2^'  sin'  a  sin  2(0:  -|-  i')  sin'  ;r(A^"  —  iV) 

1  Ocuvres,  T.  I,  p.  624. 
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If  i  IS  the  azimuth  of  the  second  plate  a^i  —  /'.     Substituting, 
the  first  term  becomes 

—  sin  21'  sin  2(1  —  /')  cos  2/  sin'  t:N' 

+  cos  2/'  sin  2(/—  /')  sin  2/  sin'  ;rA^ 

+  sin  2/'  cos'(/— /')  sin  2/  sin'  ;r(iV'  -f  A^) 

—  sin  2/'  sin'  (/  —  1')  sin  21  sin'  n{N'  —  A^). 

If  now  the  plates  are  interchanged  the  intensity  of  the  light  will 
not  be  affected  since,  on  interchanging  the  primes,  we  have 

—  sin  2i  sin  —  2{i  —  /')  cos  2i'  sin'  tzN 

+  cos  2/  sin  —  2{i  —  /')  sin  2/'  sin'  izN'  ,     . 

+  sin  2i  cos'  —  (1  —  i')  sin  2V  sin'  ;r(A^'  +  N^ 

—  sin  21  sin'  —  (/  —  /')  sin  21'  sin'  —  (iV'  —  A^, 

which  is  identical  with  the  previous  expression.  The  same  will  be 
true  of  the  second  member  of  (2).  Hence  the  consequences  to  be 
deduced  will  be  independent  of  the  order  of  succession  of  the  plates. 
Expanding  in  (2)  the  sine  and  cosine,  transposing  and  substituting 
sin' jr— sin' ^=  sin  (jr+^)sin  (jr— ^)  and  dividing  through  by 
sin  2i'  and  sin  n  {tP  —  N"),  since  neither  will  be  zero  in  our  appli- 
cations, we  have 

(—  cos  2/'  sin  2a  cos  2a  +  sin  2i'  sin'  2d)  sin  tz  {N*  +  N"^ 

+  (cos  2/'  cos'  a  sin  2a 
+  sin  21'  cos'  a  cos  2d)  sin  1:  {N'  +  N''  +  2N)  ^^^ 

+  (—  cos  2i'  sin'  a  sin  2a  —  sin  2i'  sin'  a  cos  2^)  sin  ;r  {N^ 
+  N''  -  2AO  =  o. 

In  order  to  discuss  the  roots  of  this  equation  we  will  transform 
to  the  tangent  form  since  it  may  take  any  value  between  +  00  and 

—  00 .     Substituting, 


2  tan  a  .  .  tan'  a 

sm  2a  ^ 


2  V 


I  +  tan'  d  I  +  tan-'  a 

I  —  tan'  a  , 

cos  2a  =  — — ^ — ,— -,  cos'  a  = 


I  +  tan'  a'  i  +  tan'  d 
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and  collecting  terms,  we  have 

tan*  a{  —  .sin  2/'  sin  7z\2N ^  (N'  +  A^")] } 

+  tan^  a{2  cos  i'  sin  ;r(A^+  iV")-f  2  cos  2/'  sin  ;r[2A^— (A^-f-A^")]  } 
-f  tan^  a{4  sin  2/'  sin  ;r(A^  +  A^')  —  sin  2/'  sin  ;r(2A^+  A^'  +  A^") 

+  sin  2/'  sin  ;r[2A'—  (A^  +  A^')]  } 

+  tan  tf  {  — 2  cos  2/'  sin  ;r(A^'  + A^')+2  cos  2/'  sin  ;r(2iV-f  ;V-f  A^")}, 
+  {sin  2/'  sin  n-(2A^  +  ^V'  +  A^')}  =  o.  (5) 

Dividing  through  by  the  coefficient  of  tan*  a  we  see  that  the  con- 
stant term  is 

_  sin;r[2A^-(A^  +Jf^\ 

In  the  physical  applications  the  second  plate  and  the  mean  of  the 
first  two  will  never  be  of  a  higher  order  than  a  quarter  wave.  We 
will,  therefore,  discuss  the  roots  of  this  equation  under  the  condi- 
tions that 

A^>  i,  and  2A^-|-  A^  +  A^'  >  i.  (6) 

The  numerator  of  the  constant  term  is  positive  and  the  denominator 
is  positive,  when  2A^>  A^  -f-  A^",  and  thus,  under  the  assumed 
conditions,  this  term  is  negative,  and  hence  we  know  by  the  rule  of 
signs  that  there  are  at  least  two  real  roots,  one  positive  and  the 
other  negative,  /.  e.,  we  can  always  obtain  a  match  in  two  different 
positions  of  the  compensator.  Thus,  if  we  set  the  biplate  in  any 
azimuth  whatever,  we  can  always  rotate  the  compensator  into  two 
positions  that  will  give  a  match,  and  that  too  for  any  color  of  the 
spectrum  which  satisfies  (6).  If  we  make  either  N'  or  A^'^  =  o  we 
see  that  these  conditions  are  not  changed.  In  this  case  our  biplate 
reduces  to  a  plate  of  uniform  thickness.  This  plate  may  cover  one 
half  the  field  of  view  or  form  a  single  strip  —  a  "  sensitive-strip  '*  — 
for  furnishing  a  sensitive  system  of  comparison.  Whatever  its  posi- 
tion, the  compensator  can  always  be  set  for  a  match  in  two  posi- 
tions for  any  color.  For  most  purposes  it  will  be  preferable  (for 
reasons  given  later)  to  set  the  biplate  or  strip  in  the  position  o^ 
greatest  intensity,  namely,  at  an  azimuth  of  45°. 
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Introducing  the  condition  i'  =  /"  =  45°,  the  biquadratic  reduces 
to  the  form 

tan*  ^{-  sin  ;r[2A^-  (A^  +  iV")]  ]  +  tan^  ^'{4  sin  -{N'  +  ISP') 

-  sin  r[2A^+  (A^'  +  A^")]  +  sin[2iV-  (A^  +  A^'^)] }      (7) 
+  sin  r(2A^+  A''  +  N")  =  o. 

Put  A  =  sin  n-[2A^-  (A^'  +  A^")] 

5  =  4  sin  ;r(A^  +  N'')  -  sin  .t(2A^+  A^'  +  A^") 

+  sin.T[2iV-(A'-f  A^")] 
6^=  sin  ;r(2A^+  N"  +  A"). 
Solving, 

tan'^  =  —     - — »  (0) 

2^ 

where  the  discriminant  is 

If  we  assume  the  condition  2A^+  A^'  +  iV''>  i,  C  will  always  be 
positive.  If  now  2A''>  N^  +  A^',  A  will  always  be  positive  and 
hence  J  also.  Tan'  a  will  then  have  two  real  roots.  Since  in  this 
case  J  >Z^,  one  of  the  roots  will  be  positive  and  the  other  nega- 
tive. Tan  a  itself  will  then  have  two  imaginary  roots  and  two  equal 
real  roots  of  opposite  signs  and  hence  a  will  have  equal  and  op- 
posite values.  Thus  there  will  be  two  settings  of  the  compensator, 
in  equal  and  opposite  azimuths  with  respect  to  the  first  plate.  It  is 
needless  to  state  that  a  rotation  of  the  compensator  through  180° 
will  give  the  same  settings.  If  now  2A^<  A"'  +  A^",  ^  is  —  and  J 
<  B^  and  hence  tan*  a  has  two  negative  roots  and  consequently  all 
the  roots  of  tan  a  are  imaginary  and  a  impossible,  /.  e.,  no  position 
of  the  compensator  will  give  a  match.  Thus  if  N  be  ever  so  little 
less  than  (A^'  -f  A/'')/  2  the  physical  problem  will  be  impossible. 
When  2A^=  N^  +  A^"  one  value  of  tan*  a  is  0/0,  and  will  be  found 
to  be  negative  on  taking  the  variation  of  the  functions  in  the  usual 
way,  and  the  other  is  -f  00  and  hence  tan  ^  =  =fc  00  or  a  =  zb  90°. 
As  (A^  +  A^O/2  decreases  from  the  value  N  to  o,  B  approaches  o 
and  J  therefore  4  A^  so  that  in  the  limit  tan*  ^  =  zb  i  and  a  =  be- 
comes =b  45**.  Hence  a  may  have  any  value  between  =b  90°  and  ± 
45°  under  the  conditions  stated.  When  ^  =  45^  the  principal  axis 
of  the  compensator  lies  in  the  plane  of  vibration  and  consequently 
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produces  no  effect  Between  these  limits  we  have  all  the  settings 
requisite  for  obtaining  a  match  in  any  case  of  double  refraction 
whatever.  In  the  case  2A^=  N'  +  N"  =  N'  where  N"  =  o,  say, 
the  plates  are  "crossed"  and  the  equivalent  thickness  of  the  two 
plates  is  equal  to  that  of  the  second  plate,  but  rotated  through  an 
angle  of  90°. 

The  sensibility  of  this  system  will  depend,  as  in  any  photometric 
comparison,  upon  the  uniformity  of  the  intensity  of  the  light  in  dif- 
ferent portions  of  the  field  and  upon  the  vanishing  of  the  bounding 
lines  when  the  intensities  are  the  same.  The  first  condition  re- 
quires absolute  uniformity  in  thickness  and  parallelism  in  the  sec- 
tion, as  well  as  constant  angles  of  incidence  for  all  rays.  The 
second  condition  will  be  realized  in  proportion  as  the  section  is 
thinner.  Hence  this  cannot  exceed  a  certain  limit  nor  can  it  be 
less  than  a  certain  amount  in  order  that  the  expression  for  the  in- 
tensity of  the  transmitted  beam,  discussed  above,  be  great  enough 
to  ensure  the  greatest  sensibility  to  the  eye  in  judging  of  a  match. 
The  thickness  of  course  will  depend  upon  the  requirements  of  the 
individual  experiments,  being  conditioned  by  the  available  light,  the 
absorption,  reflection,  etc.,  of  the  various  arrangements.  We  may, 
however,  reach  an  approximate  estimate  of  the  possibilities  of  such 
a  system,  where  these  factors  do  not  seriously  enter  in,  by  com- 
parison with  data  which  we  have  in  the  case  of  the  half-shade 
polariscope  and  the  spectrophotometer. 

With  white  light  and  a  sensitive  viewing  screen  with  a  vanishing 
line,  settings  can  be  made  whose  greatest  difference  will  not  exceed 
one  half  of  one  per  cent.  Moore  *  has  attained  this  sensibility  in  the 
case  of  monochromatic  light  with  a  spectrophotometer  for  the  mean 
spectral  colors.  With  the  half-shade  polariscope  and  the  use  of  a 
broad  source  of  white  light,  without  rotation,  a  setting  to  a  thou- 
sandth of  one  degree  is  claimed.  This  however  is  never  possible  in 
practice  where  rotation  occurs,  which  usually  reduces  the  sensibility 
ten  times  or  so,  depending  on  conditions  of  light  intensity,  rotary 
dispersion,  etc.  Bates*  has,  however,  attained  with  a  sensitive-strip 
spectropolariscope  a  sensibility  such  that,  for  the  mean  colors  of  the 

»Phys.  Rev.,  Vol.  12,  p.  161. 
*Ann.  d.  Physik.  (4),  B.  12,  p.  1096. 
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spectrum  under  rotary  dispersion,  the  extreme  differences  of  his 
readings  were  less  than  .007°.  To  express  these  results  photo- 
metrically, it  will  be  necessary  to  obtain  a  change  in  intensity  rep- 
resented by  this  quantity.  In  the  half-shade  system,  we  usually 
have  two  portions  of  the  field  whose  planes  of  polarization  make  a 
slight  angle  2O  with  each  other.  If  the  intensity  of  the  light  from 
each  portion  is  unity,  the  amount  passing  through  the  analyzer  for 
a  match,  is 

/=sin'<?.  (9) 

The  total  change  in  /  by  a  change  8d  is 

5/=  2  sin  d  cos  dm  =  2980, 

when  d  is  small  as  is  usually  the  case. 

The  ratio  of  this  to  the  original  amount  is 

81  ^2  sin  0  cos  989  _  289  _     89 
7  "•         ^^cF9         "■  tarTtf  ■"  ^  "^" ' 

This  is  the  fractional  change  in  one  portion  of  the  field  and  —  81  \ I  in 
the  other  produced  by  a  rotation  89  and  hence  the  relative  change  is 

7  =  4y  (10) 

Comparing  this  with  our  sensibiltty  .cx>5  in  photometric  compar- 
isons we  have 

A-Q  <.oo5.  (11) 

In  the  most  favorable  case  mentioned  89  =  .001°.  Hence,  4  x 
o.ooi^  -5-<?  <  .005  ox  9  y  .8°  and  29  >  1.6°  must  be  the  angle 
between  the  elements  of  the  half-shade.  The  corresponding  in- 
tensity of  the  field  must  be  sufficient  to  give  the  eye  the  requisite 
degree  of  sensibility.  This  is  rarely  the  case.  However  in  polari- 
scopic  work  it  is  not  so  much  a  question  of  specific  photometric 
requirements  as  a  maximum  sensibility  in  testing  rotations  under 
given  conditions.     More  usually  where  rotation  occurs,  89  >  .01°. 

Thus  4-^—  <  .CM3S  or  tf  >  S"*  or  29  >  16°. 
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This  value  of  d  will  usually  make  the  intensity  of  the  field  such  that 
the  photometric  sensibility  of  .005  may  be  attained.  However, 
even  with  such  a  sufficient  source,  the  scattered  light  from  the 
polarizer  may  prevent  its  attainment     In  the  experiments  of  Bates 


2d  =  20.4',  dO  =  .005°, 

approxi 

mately. 

89         o.V 

Thus 

4l  =  4-,o:2>="7. 

or  about  one  twenty-third  the  normal  light  sensibility,  and  yet  this 
was  the  photometric  requisite  to  give  him  the  highest  rotary  sensi- 
bility with  the  available  light  intensity.  These  results  will  serve  for 
comparison  with  those  obtained  from  elliptic  polarization  with  half- 
shade  systems,  the  photometric  and  polariscopic  conditions  of  which 
are  practically  identical. 

For  the  sake  of  simplicity,  let  us  consider  —  what  will  usually 
be  the  most  effective  system  in  practice  —  the  first  plate  of  uniform 
thickness  and  consisting  either  of  a  strip  in  the  middle  of  the  field 
of  view  or  covering  one  side  of  it.  Let  its  azimuth  be  45°.  Then 
the  second  member  of  (2)  becomes,  on  making  the  substitutions, 
A^'  =  o,  2/'  =90°,  <?  =  ^z  —  45°  where  9  is  the  azimuth  of  the  sec- 
ond plate  with  the  plane  of  vibration. 

/  =  (sin*  a  —  cos^  a)  cos  2a  sin*  izN  ^  cos'  2a  sin'  r^N 
=  sin'  2d%\v?TtN  (12) 

.  • .  ^/=  4  sin  2<?  cos  2d  sin'  nNdO, 

Hence 

a/_4sin  2^  cos2^sin';riV  Sd     _^     8d 

7  "  ""  sin^  26''7in'  7zN~~  '^^  ~  ^  ^^^^^^  -  2  j  (13) 

when  0  is  small. 

To  determine  the  corresponding  change  in  the  other  portion  it 
would  be  necessary  to  differentiate  the  first  member  of  (2)  atid  then 
substitute  the  roots  of  the  biquadratic  (7).  This  would  give  too 
complicated  an  expression  for  interpretation  ;  but  we  may  obtain  an 
approximate  solution  in  a  different  way.  Let  x  and  ^  sin  0  and 
cos  0  be  the  component  vibrations  and  amplitudes.  The  resulting 
elliptical  vibration  referred  to  its  center,  is 
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-r~^iA i.t ^-5 B  COS  2nN  =  sin*  2r.N,  ( 14) 

sin^  9     cos  D^      sin  9  cos  d  ^  ^^ 

In  the  first  plate  /'  =  45**,  and  cos*  0  =  sin*  0  and  hence  the  axes 
of  the  vibration  make  an  angle  of  45^  with  the  axis  of  the  crystal. 
Since  A'''  >  ^  the  major  axis  is  parallel  to  initial  direction  of  vibration. 
The  ratio  of  the  semi-minor  axis  to  the  semi-major  axis  is 


^=\I  + 


—  cos2;riV'  ^„  ,  ^^ 

-  .,,  =  tan  ;riV'.  (16) 

cos  27:N'  ^     ' 


If  we  rotate  the  coordinate  axes  in  (14)  through  an  angle  8  and 
equate  the  coefficients  of  xy  to  zero,  we  have 

tan  28  =  cos  2TzN  tan  2tf,  (17) 

which  gives  the  angle  between  the  j-axis  and  the  major  axis  of  the 
ellipse. 

Equation  (17)  shows  that  if  iV=  1/4,  5  =  o,  that  is  the  major 
aids  always  coincides  with  the  j-axis  of  the  crystal.  Thus  if  we 
rotate  the  plate  from  azimuth  45°  to  o**,  the  axes  of  the  ellipse 
move  through  the  same  angle.  If  o<A^<J,  5  =  45**  for  tf  = 
45°,  that  is  the  major  axis  of  the  ellipse  lies  in  the  plane  of  vibra- 
tion. If  o  <  ^  <  45^  the  major  axis  will  lie  between  the  j-axis  or 
the  principal  axis  of  the  plate  and  the  plane  of  the  initial  vibration 
when  it  is  rotated.  If  N  is  small  the  azimuth  of  the  major  axis  will 
remain  zero  as  the  plate  is  rotated  and  we  may  use  (16)  for  the 
aj^roximate  ratio  of  the  axes.  Within  this  limit,  such  a  plate  is 
equivalent  in  its  different  azimuths  to  plates  of  corresponding  orders 
in  zero  azimuth.  The  ratio  of  the  axes  of  an  elliptical  vibration  is 
by  (16)  tan  tzN,     When  iV=  1/4  this  ratio  is 

sin  ^  ^  , .        , ,       ^ 

-   -^  =  tan  ^  =  tan  ;rA^or  iV.  =  -  (18) 

cos  d  ^      Tt  ^     ' 

when  d  is  small,  where  A^j  is  the  equivalent  order  in  azimuth  9, 
N^  is  the  equivalent  order  of  a  quarter-wave  plate  corresponding  to 
a  plate  in  zero  azimuth.     From  (16) 

^*   •  ^  -  =  TzN '  •  TZN 
hf'h  »  •       »' 
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but  for  the  same 

azimuth 

fl/      N' 
a^~  N' 

and  therefore 

[Vol.  XVI II. 


but 


and  thus 


A^,= 


and  hence  if 

g\ 

N,  =  -  =  N/, 

e    N'    N,' 

e'~  N~  N, 

(19) 


{19a) 

In  practice  it  is  convenient  to  use  a  compensating  plate  of  low 
order,  say  iVj  <  ^  and  then  an  auxiliary  quarter-wave  plate  for 
greater  retardations,  so  that  the  approximate  equations  (18),  (19) 
and  (19^)  can  be  used.  This  plate  should  really  be  of  the  order  ^ 
for  the  shortest  waves  required  and  then  its  order,  for  any  other 
wave-length  used,  determined  by  means  of  differential  dispersion 
after  the  method  of  channeled  spectra  *  and  then  by  means  of  equa- 
tions (19)  and  {iga). 

Returning  now  to  the  discussion  of  (12)  and  (13),  it  had  already 
been  shown  from  (8)  that  when  2N  =  iV'  -f-  iV",  or  when 

-^, 

in  the  present  case,  there  was  a  match  and  the  plates  were  •*  crossed." 
Thus  for  a  match  the  combination  must  be  equivalentto  a  "  crossed  " 
system  of  equal  order. 

Equation  (13)  shows  that,  for  the  portion  of  the  field  covered  by 
the  second  plate  only,  a  positive  increment  in  d  gives  a  positive  in- 
crement in  /.     Since  now  we  have  shown  that  the  two  plates  cover- 

iPhil.  Mag.,  Oct.,  1899.     Also  Rendtorff,  Phil.  Mag.,  May,  1901. 
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ing  the  outer  portion  of  the  field  are  equivalent  to  the  first  plate 
**  crossed  **  (or  turned  through  90^),  to  maintain  the  match  we  must 
suppose  the  equivalent  system  turned  in  the  opposite  direction 
through  an  angle  —  89,  so  that  for  the  second  portion  of  the  field 

SI         dd 

7  = -2^  (13^) 

approximately.  If  now  a  system  of  unknown  order  be  inserted,  at 
an  azimuth  of  45**  in  the  path  of  the  ray  causing  N  or  sin  ttN  to 
change,  a  variation  of  sin  20,  or  of  20,  when  small,  in  inverse  ratio 
will  compensate  the  effect  and  /  will  be  kept  constant  and  the 
match  maintained.  The  phase  change  may  be  obtained  by  noting 
the  rotation  of  the  compensator  and  calculating  from  (18)  or  (19), 
knowing  the  constants  of  the  system. 

The  restriction  in  the  use  of  the  compensator  within  the  limits  of 
the  optical  sensibility  of  1/200  or  within  whatever  fractional  change 
the  eye  can  detect  under  the  particular  conditions  imposed  upon  the 
system,  can  be  calculated  from  (12).  Thus  if  the  order  of  the  un- 
known plate  is  N^  and  such  that  sin^  ttN^  =  sin*  20  sin*  ttN  so  that 
the  match  is  not  disturbed,  the  error  will  be  in  taking  20  in  place 
of  sin  20.  The  error  may  be  obtained  by  expanding  the  sine, 
which  gives 

40^  -  sin*  20^:^0'+,  (20) 

But 

J^tf*-^4^>J^,.../^>. 00375     or     0>3,s' 


.0 


approximately.  If  the  sensibility  is  ^^^,  tf*  >  .01 5  or  0  >  g°  ap- 
proximately. This  range  of  the  compensator  may  be  slightly  dif- 
ferent on  account  of  the  presence  of  the  second  plate,  but  is  inde- 
pendent of  the  order  of  the  compensating  plate.  For  large  orders 
of  the  unknown  plate  the  sine  must  be  used  instead  of  the  angle. 
From  (13)  and  (13^)  we  obtain  as  the  relative  change  of  intensity 

8/      dd 

7  =  4-^-.  (21) 

which  is  the  same  as  (lo),  the  equation  of  the  half-shade  polari- 
scope.     Thus  if  1/200  is  the  sensibility  of  the  eye 

8d 
4  ^  <  -005. 
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When  0  is  small  we  have  from  (i8)  and  (19) 

^  =  4  ~  =  4  -y '  <  .005.  (22) 

Hence  the  sensibility  will  depend  upon  how  small  a  value  of  ^V^ 
may  be  used  and  still  give  sufficient  intensity  for  the  maximum  sen- 
sibility of  the  eye ;  and  the  availability  of  this  value  in  practice  will 
also  be  restricted  by  the  mechanical  and  optical  conditions.  Sec- 
tions have  been  obtained  of  order  i  /700  for  green  light,  but  it  is 
doubtful  if  sections  of  any  natural  double  refracting  material  can  be 
obtained  of  an  order  much  less  than  i  / 1 ,000.  With  direct  sun  light 
the  intensity  is  sufficient  for  comparisons.  Assuming  this  value  of 
iV'  for  the  first  plate  or  strip,  the  equivalent  order  of  the  compensat- 
ing plate  would  be  iVj  =  .0005.     Hence  we  have 

8N 
"^  :600s  ^  '^^  ^^  ^^"^^  ^  ^'^  ^  ^^~'  ^^^^ 

as  the  limiting  value  of  the  change  of  phase,  which  could  be  ob- 
served under  the  most  favorable  conditions  with  an  azimuth  of  45°. 
If  the  azimuth  of  the  strip  is  diminished  this  limit  of  sensibility  may 
also  be  increased  indefinitely ;  but  for  reasons  given  further  on  the 
photometric  conditions  are  not  maintained  and  it  is  doubtful  if  this 
sensibility  could  be  increased.  This  is  about  fifty  times  greater 
than  has  been  obtained  with  this  same  system  using  plates  about 
ten  times  as  thick,  but  even  this  latter  is  far  beyond  that  of  other 
methods  heretofore  used.  We  may  compare  the  intensity  of  light 
in  this  system  with  that  which  has  been  found  practicable  in  the 
polariscope.     In  the  polariscope  (9)  gave 

/=sin*». 
In  this  system 

/=  sin^  20  sin^  ttN^  =  sin^  ttN^, 
since 

<?  =  45°. 
In  the  experiments  of  Bates 

0=  10.2'  and  /=sin*  10.2'. 

In  the  present  instance 

iVj  =  .0005  and  -N^  =  5.4', 
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and  we  have 

/=sin^  5.4'. 

This  shows  that  with  proper  refinements  in  the  optical  system, 
monochromatic  light  can  be  used  with  this  order  (.V,  =  .0005) 
which  is  also  about  the  limit  of  the  crystalline  sections.  Of  the 
most  available  crystals  —  Iceland  spar,  quartz,  selenite  and  mica  — 
the  latter  is  the  only  one  from  which  such  thin  sections  can  be  ob- 
tained. In  spar  iV=  300  for  i  mm.  thickness  approximately,  and 
hence  for  N'  =  .CXDI  the  thickness  would  have  to  be  .oocxx)3  mm., 
and  this  thickness  could  not  vary  by  more  than  .005/4  of  itself  to 
give  uniform  intensity  over  the  field.  This  of  course  is  utterly 
unattainable  by  any  process  of  grinding.  For  quartz  and  selenite 
iV=  15  for  I  mm.  approximately.  The  thickness  here  could  be 
twenty  times  as  great,  but  this  is  about  the  limit  of  correction  alone 
in  a  *•  flat "  several  millimeters  thick.  The  cleavage  of  selenite  to 
this  degree  has  not  thus  far  been  found  possible.  For  mica  the 
thickness  could  be  nearly  double  this  value  and  hence  its  cleavage 
is  practicable.  The  possibility  of  such  a  thin  section  was  suggested 
to  the  writer  several  years  ago  in  preparing  the  mica  retardation 
plate  used  with  the  prism  in  the  resolution  of  the  Faraday  *'  effect  '* 
into  the  circular  components.*  It  was  noticed  that  very  small  thin 
laminae  occasionally  adhered  to  the  section  which  was  being  split 
off"  and  which  gave,  when  observed  directly  with  the  eye,  the  char- 
acteristic tints  in  Newton's  interference  scale.  Aifter  some  weeks' 
attempts,  sections,  occasionally  several  square  centimeters  in  area, 
could  be  obtained  of  uniform  tint  in  the  lesser  orders  of  this  scale. 
More  usually  these  sections  gave  several  tints  with  very  sharp  and 
almost  vanishing  bounding  lines,  exactly  the  optical  condition  re- 
quired. Smaller  strips  were  occasionally  obtained  giving  as  low  as 
the  first  violet  in  Briicke's  *  corrected  scale,  or  a  thickness  of  only 
about  .CXX)I7  mm.  These  films  were  very  delicate  and  might  have 
small  holes  in  them,  resulting  from  imperfect  cleavage,  which  de- 
stroyed their  efficiency  when  introduced  into  the  field  of  view. 
These  were  mounted  between  the  thinnest  cover-glasses,  which  had 
been  tested  out  for  double  refraction,  with  Canada  balsam  whose 

1  Phil.  Mag.,  April,  190 1,  p.  472. 

*Pogg.  Ann.,  B.  88,  p.  363;  Mascart,  Optique,  T.  I,  p.  210. 
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index  was  the  same  as  the  mean  of  that  of  mica  and  which  would 
hence  make  the  section  practically  invisible  and  thus  give,  further, 
a  vanishing  line  at  the  boundary.  These  were  freque^ntly  torn  or 
were  flowed  out  in  the  process  of  cementing  on  account  of  the  im- 
possibility of  seeing  them.  With  proper  care  and  patience  suitable 
compensator  films  and  sensitive  strips  can  readily  be  obtained  from 
ordinary  mica  and  mounted  for  the  purposes  mentioned. 

Equation  (12)  gives  for  ^=45°,  /=sin*/TAp  the  intensity  of 
the  incident  polarized  light,  being  taken  equal  to  unity.  If  we  call 
A^  the  intensity  for  any  color,  then  IlA^  represents  white  light  and 

we  have 

[/]=  ^[^^sin^TiVj.  (25) 

Poisson's  equation  for  light  reflected  normally  from  a  thin  plate 
reduces,  for  ordinary  glass,  to 

/=/-^,\'^^sin2  2;rA^, 

where  N  is  the  order  of  interference.     For  white  light  we  have 

[/]  =  /-^^  72)'-^^^'  sin«  2nN\  (26) 

Here  N,  the  absolute  order,  corresponds  to  N^,  the  differential 
order  of  double  refraction  of  the  plate.  Thus  a  thin  plate  of  order 
N  will  give  the  same  tint  by  reflected  light  as  a  crystalline  section 
of  differential  order  ^Vj  gives  by  transmission  with  the  nicols  crossed. 
In  three  plates  used  the  differential  order  A^,  had  the  values  ^^, 
•j^^,  y^^  respectively ;  thus  for  the  same  absolute  orders,  the  equiv- 
alent air  thickness  would  be  .0005  mm.,  the  wave-length  of  green 
light,  multiplied  into  these  fractions  or  6.7////,  5////,  ,T  fxii.  The 
lowest  order  in  Briicke's  table  is  40////  =  iron  gray.  With  the  very 
lowest  orders  white  light  may  be  used  without  obtaining  any  trace 
of  coloration  in  the  field  of  view.  But  higher  orders,  which,  with 
fairly  intense  light,  give  no  perceptible  coloration,  do  show  tint  with 
increased  intensity,  as  with  sun  light.  On  account  of  the  tint  and 
the  greater  prominence  of  the  bounding  line,  thicker  strips  are  not 
as  satisfactory  in  intense  light.  Such  strips,  instead  of  being  placed 
in  an  azimuth  of  45°,  may  of  course  be  rotated  into  a  position  of 
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less  azimuth  and  thus  give  an  equivalence  to  a  thinner  section,  but 
the  vanishing  of  the  line  is  less  complete  and  the  compensation  of 
all  colors  less  satisfactory.  Hence  it  is  necessary  to  use  corre- 
sponding compensator  sections  and  the  thinnest  sensitive  strips  pos- 
sible with  the  available  intensity  of  light  and  the  conditions  of  great- 
est sensibility  to  the  eye.  Were  it  possible  to  cut  these  thinner 
crystalline  sections  and  mount  them  **  crossed  "  and  in  juxtaposi- 
tion so  as  to  obtain  a  completely  vanishing  line,  the  compensation 
might  be  more  perfect  and  the  coloration,  if  there  be  any,  less  evi- 
dent than  in  the  arrangement  here  described.  But  such  a  system 
seems  unrealizable  and  in  actual  results  far  below  the  sensibility 
obtained  with  natural  cleavage  termini.  These  can  usually  be  ob- 
tained sufficiently  regular  and  straight  for  all  comparison  work.  In 
fact,  as  frequently  happens,  sections  of  slightly  different  thickness 
in  different  portions  give  exactly  that  change  in  intensity  in  various 
parts  of  the  field  requisite. for  realizing  the  "contrast  principle'*  in 
photometric  comparisons.  Thus,  in  a  certain  section,  a  portion  was 
of  order  ^^  and  another  portion  of  order  -^^  +  y^^  and  so  on. 
This  occurred  occasionally  also  in  the  very  lowest  (orders.  Instead 
of  using  such  a  section  to  realize  ''constrast '*  it  could  be  mounted 
so  as  to  make  this  bounding  line  the  "vanishing"  line  of  the  fields 
to  be  compared,  thus  giving  an  equivalent  to  a  sensitive-strip  of 
order  ^\-^  say.  This,  however,  is  not  advisable  if  strips  of  this 
order  can  be  obtained  directly,  since,  as  already  mentioned,  the 
thinner  the  section  the  more  satisfactory  the  settings,  because  of  the 
more  complete  vanishing  of  the  bounding  line  and  of  the  coloration 
when  white  light  is  used.  If  a  strip  were  rotated  from  an  azimuth 
of  45°  into  a  less  azimuth,  any  intensity  could  be  obtained,  but  this 
was  found  not  so  satisfactory  in  color  or  in  the  vanishing  line  as  a 
thinner  strip  of  the  same  equivalent  order. 

Within  certain  limits,  the  second  plate  serves  the  double  purpose 
of  not  only  giving  a  half-shade  combination  with  a  vanishing  line 
for  making  comparisons,  but  of  compensating  for  any  change  of 
phase  produced  on  the  ray.  For  white  light  the  thickness  is  re- 
stricted in  the  same  way  as  the  strip  is  limited  to  the  first  orders  in 
Briicke's  scale.  Hence  the  compensation  possible  in  this  way  is 
confined  to  the  smaller  orders.     The  method  of  compensation  by 
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rotating  a  plate  in  this  way  is  also  not  generally  applicable,  even 
with  homogeneous  light,  to  the  larger  orders,  since  the  intensity  of 
the  light  is  too  great  to  obtain  the  highest  sensibility  in  a  setting 
for  a  match. 

The  sensibility  attained  with  this  system  in  actual  practice  com- 
pares very  favorably  indeed  with  other  systems  already  in  use. 
The  highest  sensibility  available  in  each  system  was  not  attempted, 
but  only  that  which  could  be  conveniently  obtained  with  ordinary 
precautions  and  under  like  conditions  for  each  system.  A  support 
carrying  the  polarizing  and  analyzing  nicols  was  arranged  so  that 
the  various  elements  of  the  different  systems  to  be  compared  could 
be  inserted  in  the  path  of  the  ray.  An  acetylene  flame  placed 
before  the  polarizer  was  generally  used  to  illuminate  the  system. 
Green  glass  could  be  placed  in  front  of  this  for  approximately 
homogeneous  light  tests.  Immediately  after  the  polarizing  nicol, 
whose  principal  plane  made  45°  with  the  vertical,  came  the  com- 
pensator, then  the  sensitive-strip,  each  mounted  on  a  collar  which 
fitted  the  tube  containing  the  nicol.  The  collar  of  the  latter  carried 
a  divided  arc  and  that  of  the  former  a  pointer.  Next  came  a  verti- 
cal graduated  circle  upon  which  could  be  mounted  any  plate  to  be 
compared,  usually  a  quarter-wave  plate.  Then  followed  a  vertical 
strip  of  crown  glass  13  mm.  wide  and  2  mm.  thick  upon  which  was 
cemented  a  cover  glass  for  receiving  weights.  Then  came  a  hori- 
zontal glass  strip  with  a  clamp  for  producing  flexure,  and  im- 
mediately in  front  of  this  a  micrometer  screw  carrying  two  hori- 
zontal wires,  a  millimeter  or  two  apart.  Thirty  to  50  centimeters 
beyond  this  came  the  analyzing  nicol  and  circle  and  a  short  focus 
observing  telescope.  In  this  space  could  be  inserted  the  various 
other  pieces  to  be  compared,  such  as  quartz  compensator,  glass 
cubes,  etc.  The  order  of  the  quarter-wave  mica  plate  was  de- 
termined by  means  of  a  selenite  wedge  in  the  usual  way  and  found 
to  be  of  that  order  for  green  light  X  =  .0005  mm.  approximately. 
With  these  elements  thrown  out  of  the  field  of  view,  the  nicols 
were  crossed.  The  sensitive-strip,  compensator  and  quarter-wave 
plate  were  then  thrown  in  and  out  successively  and  the  read- 
ing for  zero  azimuth  of  each  recorded.  The  sensitive-strip  was 
then   thrown  in  at  an  azimuth  of  45°,  then  the  compensator  so 
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as  to  give  a  match.  Successive  settings  of  the  latter  were  then 
made  on  each  side  of  this  position  where  the  eye  could  just 
detect  a  change  in  intensity  at  the  vanishing  line.  This  was 
now  repeated  with  the  green  glass  before  the  polarizer.  With 
the  particular  system  used  a  setting  to  within  0.1°  with  white 
and  0.2°  with  green  light  could  be  made.  By  means  of  (18),  (19) 
and  (19^)  this  sensibility  can  be  expressed  in  terms  of  the  relative 
retardation  of  the  component  rays.  Thus  with  the  sensitive-strip 
in  an  azimuth  of  45^  a  match  was  obtained  by  means  of  the  quarter- 
wave  plate  for  9  =  56',  which  gives  the  equivalent  order  N^  =  \^ 
XjJ^  =  ^^^  approxmimately.  But  it  was  proven  that  iV= 
I  (A^  +  iV^O  so  that  here  N^^  \  N'  or  the  order  of  the  strip 
N'  =  Y^^  for  X  =  SOOfxix  approximately.  Replacing  the  quarter- 
wave  plate  by  the  compensating  plate,  setting  for  a  match  and 
rotating  the  same  through  5^,  and  then  introducing  the  quarter- 
wave  plate,  the  latter  gave  a  match  again  in  azimuth  16'.  Hence 
from  (19^)  the  order  of  the  compensator  isiV=  -^j^  x  ^  =  yV^P" 
proximately.  Thus  the  retardations  corresponding  to  o.  i  °  and  0.2° 
on  the  compensator  are 

OA        16         X  X  5,        J  ^  ii, 

—  X  >-  X  s-  = =  3  X  io~*/  and  6  x  I0"*x  respectively. 

5        60      180      34,000      ^  f  J 

The  former   is  fifty  times    the  limit  given  in  (23).      From   (22) 

4  -^  <  .005.     The  azimuth  of  the  quarter-wave  plate  to  match  the 

strip  was  6  =  56'.  The  equivalent  sensibility  on  this  plate  would 
be  atf  =  °  X  o. iy*y.     Hence 

80        0.4  X  60       I 
4-^  =  4— ^x -^  =  .023 

as  against  .005,  the  normal  sensibility.  This  result  indicates  how 
well  the  optical  conditions  of  uniformity  of  field  and  of  a  vanishing 
line  are  fulfilled  by  these  thin  sections  of  mica.  Two  settings  of  the 
compensator  at  6.^5  and  13^  corresponded  to  a  proportionate  rota- 
tion of  the  quarter-wave  plate  showing  the  proportionality  within 
this  range.  Another  section  of  mica  which  was  among  the  thinnest 
obtained,  gave  a  match  with  the  quarter- wave  plate  in  an  azimuth 
of  8'.     Hence  the  equivalent  order  of  the  quarter-wave  plate  was 
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^1  =  A  ><  tItt  =  T^^ir»  ^"^  t'^^  ^''der  of  the  strip  g|^  approxi- 
mately. In  another  section  of  two  different  thicknesses,  a  rotation 
of  8'  by  the  quarter-wave  plate  was  necessary  to  pass  from  a  match 
of  one  to  the  other.  Hence  the  difference  in  orders  was  N''  —  N' 
=  ^^  X  iIt^  =  6^^  approximately.  The  sensibility  of  the  method 
in  comparison  with  others  under  similar  optical  conditions  was 
readily  obtained  by  introducing  the  various  systems  already  men- 
tioned. Bravais'  •*  sensitive-tint "  biplate  when  placed  in  the  path 
of  the  ray  showed  a  change  of  tint  between  the  two  halves  of  the 
field  with  a  turn  of  i  °  of  the  quarter-wave  plate.     This  corresponds 

to  a  change  of  phase  of    ^    which  is  only  about  ^\-^  the  sensibility 

obtained  above  with  the  sensitive  strip  system  under  the  same 
conditions  of  illumination.  Undoubtedly  with  a  different  intensity 
and  more  careful  adjustment  a  higher  sensibility  could  be  obtained 
with  not  only  Bravais*  biplate  but  also  with  this  system.  In  fact 
Bravais  *  with  intense  light  could  detect  0.7^  rotation  of  the  quarter- 

;i 

wave  plate  or 

^  250 

The  comparison  with  the  shift  of  a  black  band  was  made  by  in- 
serting the  vertical  strip,  the  horizontal  strip  and  the  micrometer 
already  mentioned.  The  sensibility  of  this  system  depended  on  the 
amount  of  flexure  and  varied  considerably.  Thus  with  a  flexure, 
such  that  the  band  was  quite  sharp  and  distinct,  500  gms.  on  the 
vertical  strip  gave  a  reading  on  the  micrometer  screw  of  36,  while 
the  least  shift  of  the  screw  which  could  be  detected  was  1 2.  On  re- 
ducing the  flexure  until  the  black  band  was  hardly  visible  200  gms. 
gave  23  divisions  while  100  gave  11  divisions  as  near  as  could  be 
observed.  This  represented  the  sensibility.  With  2CX)  gms.  a 
match  was  obtained  with  the  compensator  on  rotating  2.5^.  Since 
o.  I  °  was  the  sensibility,  this  would  correspond  to  8  gms.  or  a  sen- 
sibility 12.5  times  that  with  the  black  band.  Under  more  favorable 
-conditions  both  systems  would  have  given  a  greater  sensibility,  but 
this  represents  approximately  the  relative  sensibility.  Rayleigh,* 
using  a  lime-light  and  a  black  band,  obtained  25  gms,  as  his  sensi- 

*  Pogg.  Ann.,  96,  p.  402. 
•Phil.  Mag.,  Dec,  1902. 
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bility.  With  crossed  nicols  alone,  he  obtained  a  sensibih'ty  over 
four  times  less,  which  would  correspond  to  about  fifty  times  less 
than  that  with  the  strip  under  similar  conditions,  a  result  approxi- 
mately obtained  by  direct  comparison.  The  compensators  of  the 
Babinet  type  would  fail  to  give  the  sensibility  of  the  single  band 
obtained  with  the  glass  strip  under  flexure,  since  the  bands  are 
much  narrower  and  sharper  and  hence  less  sensitive  as  shown  above. 

The  method  of  Senarmont  of  using  a  quarter-wave  plate  or  a 
Fresnel  rhomb  is  of  the  same  order  of  sensibility  as  the  crossed 
nicols.  Thus  with  green  light  1,000  gms.  on  the  vertical  strip 
could  not  be  detected,  while  the  sensibility  of  the  strip  was  0.2°  or 
25  gms.,  or  at  least  forty  times  greater.  The  double  refraction  in 
the  Fresnel  rhomb  was  so  great  that  it  could  not  be  used  with  it  at 
all  to  this  degree  of  sensibility.  A  very  slight  pressure  of  the 
finger  on  a  strip  of  glass  at  once  showed  marked  contrast  in  the 
half  shade.  A  fine  quartz  compensating  wedge  some  80  millime- 
ters in  length  and  ground  very  accurately  from  a  differential  order 
o  up  to  I  with  compensating  plate  and  wedge  after  the  method  of 
Soleil  was  found  utterly  useless  to  this  degree  of  sensibility  owing 
to  tfte  unavoidable  double  refraction  in  its  glass  mount.  The  ap- 
plication of  a  glass  cube  as  a  compensator  under  varying  pressures 
as  used  by  Bravais  and  by  Wertheim  is  also  subject  to  the  same 
diflRculty  of  initial  strain.  Only  thin  strips  of  glass  are  sufficiently 
free  from  strain  to  give  an  extended  field  of  uniform  intensity. 

When  the  phase  change  is  a  function  of  the  wave-length,  as  is 
usually  the  case,  large  retardations  of  different  wave-lengths  may 
be  obtained  by  setting  for  a-  match  and  then  varying  the  wave- 
length of  the  ray  until  a  match  again  occurs  for  the  next  succeed- 
ing color  and  so  on.  This  would  represent  a  loss  or  a  gain  of  half 
an  order  and,  as  in  this  way  the  full  sensibility  could  be  maintained 
and  the  portion  of  the  spectrum  or  mean  wave-length  accurately 
determined,  the  error  in  the  observations  could  be  reduced  to  that 
calculated  above. 

Other  methods  of  obtaining  a  vanishing  line  were  tried  without 
success.  Thus  by  silvering  a  strip  on  the  reflecting  surface  of  a 
total  reflecting  prism,  a  vanishing  line  was  obtained  together  with 
elliptically  polarized  light  from»the  incident  plane  polarized  light  as 
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Fresnel  and  Brewster  have  shown.  As  the  elliptical  vibrations  in 
each  portion  of  the  field  were  in  the  same  direction  but  of  different 
excentricities  so  that  a  match  was  possible,  the  changes  in  intensity 
in  the  two  portions  of  the  field  were  in  the  same  direction,  a  condi- 
tion contrary  to  a  true  half-shade  instrument.  The  double  refrac- 
tion in  the  prism  itself  was  an  insurmountable  difficulty. 
Physical  Laboratory, 

University  of  Nebraska,  Lincoln. 
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THE  ELECTRICAL  CONDUCTIVITY  OF  SOLUTIONS  IN 

METHYL  ALCOHOL  IN  THE  NEIGHBORHOOD 

OF  THEIR  CRITICAL  POINTS.     II. 

By  Charles  A  Kraus. 

Discussion  of  Results. 
A  S  already  stated,  solutions  in  methyl  alcohol  exhibit  a  maximum 
^^  of  electrical  conductivity  which  in  round  numbers,  lies  a  hun- 
dred degrees  below  the  critical  point.  This  phenomenon  was  studied 
more  carefully  only  in  the  case  of  potassium  iodide  and  ammonium 
chloride.  Even  in  these  cases  particular  care  was  not  observed,  the 
results  being  obtained  incidentally.  However  it  will  not  be  out  of 
place  to  point  out  here  a  few  facts  that  present  themselves.  The  re- 
sults are  plotted  in  Fig.  2.  The  high  value  of  the  conductivity  which 
these  solutions  possess  beyond  the  critical  point  compared  with  that 
of  such  solutions  as  have  been  measured  in  sulphur  dioxide  and  am- 
monia* is  very  striking.  The  fact  impresses  itself  upon  one  that  the 
comparison  of  the  conducting  power  of  different  solvents  by  a  com- 
parison of  the  conductivity  of  their  solutions  at  ordinary  temperatures 
is  somewhat  arbitrary.  The  conductivity  of  a  solution  is  a  function 
of  its  temperature  and  it  is  difficult  to  say  what  temperatures  are  to 
be  looked  upon  as  corresponding  temperatures.  Certainly  we 
should  take  into  account  the  distance  from  the  critical  point,  for  in 
any  particular  solvent  this  is  in  a  large  measure  determinative  of 
the  conductivity.  Viewed  in  this  light  the  alcohols  approach  water 
much  more  nearly  in  the  conducting  power  of  their  solutions  than 
do  either  sulphur  dioxide  or  ammonia.  How  they  would  compare 
with  other  solvents  which  have  not  been  particularly  studied  in 
relation  to  their  maxima  of  conductivity  can  not  now  be  said. 

The  maxima  also  show  some  characteristic  relations  in  regard  to 
the  behavior  of  different  dissolved  substances.     It  will  be  noticed 

'  A.  Hagenbach,  1.  c;  P.  Eversheim,  1.  c. 
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that  the  curve  for  ammonium  chloride,  Curve  2,  Fig.  2,  much  flatter 
than  that  for  potassium  iodide.  In  consulting  the  curves  obtained 
by  Franklin  and  Kraus  for  the  same  substances  in  ammonia  it  will  be 
seen  that  there  too  the  same  difference  exists.  The  relative  positions 
of  the  maxima  also  bear  much  the  same  relations  to  each  other  in 
the  two  solvents.  In  the  region  just  before  the  critical  point  is 
reached  the  ammonium  chloride  decreases  in  conductivity  much 
more  rapidly  than  potassium  iodide.  The  concentration  seems  to 
have  considerable  influence  on  the  position  of  the  maxima  as  is  ap- 
parent by  comparing  curves  I  and  4. 

The  curves  studied  in  alcohol  exhibit  a  constant  direction  of 
curvature  until  the  critical  point  is  reached,  when  the  curvature  is  to 
the  other  side.  The  curves  studied  by  Hagenback '  exhibit  the 
same  peculiarity.  All  the  curves  studied  by  Franklin  and  Kraus  * 
in  ammonia  exhibited  this  same  behavior.  Yet  this  is  not  a  general 
property  of  electrolytic  solutions  as  is  seen  on  consulting  the  curve 
given  by  Franklin  and  Kraus  ^  for  potassium  iodide  in  methylamine. 
In  this  solution  the  curvature  turned  away  from  the  axis  long 
before  the  critical  temperature  was  reached.  The  curve  tends  to 
approach  the  axis  of  temperatures  asymptotically.  Just  what 
would  happen  at  the  critical  point  in  a  solution  of  this  kind  it  is 
impossible  to  predict  Some  curves  studied  by  Walden  and  Cen- 
tnerszwer,*  in  sulphur  dioxide  exhibit  the  same  peculiarity. 

Curve  3  illustrates  the  reaction  which  takes  place  when  a  solution 
of  potassium  iodide  is  heated  up.  It  is  seen  that  already  at  a  tem- 
p)erature  of  140**  reaction  sets  in,  as  is  shown  by  the  upward  turn 
of  the  curve.  Owing  to  this  reaction  the  maximum  lies  at  a  much 
higher  temperature  than  it  otherwise  would.  In  curve  3  the  tube 
contained  the  same  quantity  of  solute  as  in  i,  the  quantity  of  solvent 
had  been  somewhat  diminished.  In  the  neighborhood  of  235°  the 
reaction  is  complete  as  can  be  seen  by  comparing  the  values  of 
S'  VfVx  10*  in  series  V.  and  VI. 

The  curve  between  conductivity  and  temperature  is  of  great  inter- 
est   in  the  immediate  neighborhood  of  the  critical  point.     If,  as 

*  Hagenbach,  1.  c. 

*  Franklin  and  Kraus,  1.  c. 

'  Franklin  and  Kraus,  1.  c. ,  p.  90. 

*  Walden  and  Ccotncrszwer,  1.  c,  p.  555. 
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much  evidence  goes  to  show,  we  may  have  present  at  the  critical 
point  two  molecular  species ;  *  then  it  is  to  be  expected  that  the 
change  of  the  conductivity  will  be  largely  influenced  by  the  relative 
quantities  of  these  species  present,  throughout  the  region  in  which 
they  may  exist  together.  A  number  of  measurements  with  U-tubes, 
some  of  which  were  constricted  at  the  bend,  showed  great  differ- 
ences of  density,  existing  between  different  parts  of  the  solution. 
As  nearly  as  could  be  judged  the  relative  density  of  the  gaseous  to 
the  liquid  portion  of  the  tube  was  in  the  ratio  of  i  to  2.  It  is  to 
be  borne  in  mind  that  methyl  alcohol  is  an  associated  liquid,  so  that 
what  applies  to  methyl  alcohol  does  not  necessarily  apply  to  other 
liquids. 

Indeed  the  work  of  Ramsay  and  Shields*  makes  it  very  probable 
that  association  may  continue  beyond  the  critical  point.  Certainly 
as  near  the  critical  point  as  we  are  justified  in  applying  the  formulae, 
the  association  possesses  considerable  values.  Whether  the  associ- 
ation is  the  only  factor  that  leads  to  non-homogeneity  beyond  the 
critical  point,  or  whether  another  factor  enters  such  as  De  Heen  and 
others  have  noticed  in  non-associated  liquids  may  well  be  left  an 
open  question  until  the  disputed  points  in  connection  with  non-as- 
sociated liquids  have  been  settled.  As  will  be  shown  below,  solu- 
tions in  methyl  alcohol  may  be  far  from  homogeneous  beyond  the 
critical  point,  if  properly  treated.  To  explain  this,  however,  in  the 
case  of  an  associated  liquid  offers  no  particular  difficulty  and  it  will 
be  unnecessary  to  make  any  further  assumptions  unless  collateral 
evidence  makes  it  desirable.  The  results  observed  by  Eversheim  * 
in  ammonia  may  likewise  be  due  to  association  since  ammonia  *  is 
an  associated  liquid. 

However,  the  phenomena  as  observed  in  methyl  alcohol  do  not 
exhibit  any  essential  differences  from  other  liquids  that  have  been 
investigated  in  this  direction.  Again,  in  the  methyl  alcohol  there 
was  present  solute  in  the  liquid  and  a  certain  amount  of  gas  in  the 

»  An  excellent  r^sum^  of  the  work  done  in  this  direction  together  with  the  reference  is 
given  by  J.  Traube,  Ann.  der  Phys.,  8,  p.  267,  1902;  Traube  and  Teicbert,  Ber.  d. 
Deut.  Phys.  Ges.,  No.  13,  p.  235,  1903 ;  E.  Mathias,  Jour.  d.  Phys.,  2,  p.  172, 1903. 

'Ramsay  and  Shields,  Zs.  f.  Phys.  Chem.,  12,  p.  433,  1893. 

•Eversheim,  Phys.  Zs.,  June  15,  p.  503,  1903. 

*  Franklin  and  Kraus,  Amer.  Chem.  Jour. 
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vapor.  But  it  is  to  be  noted  in  this  connection  that  the  quantities 
of  these  disturbing  elements  present  did  not  give  rise  to  any  appreci- 
able changes  in  the  observed  phenomena.  In  one  case  the  vapor 
space  was  filled  with  hydrogen.  The  phenomena  suffered  no 
change.  It  is  possible  to  explain  the  phenomena  in  methyl  alcohol 
by  aa^uming  an  association  of  the  liquid,  yet  this  does  not  neces- 
sarily exclude  the  possibility  that  the  observed  phenomena  are  char- 
acteristic of  the  change  from  the  liquid  to  the  gaseous  state.  For 
the  present  this  question  is  best  left  open. 

The  differences  that  may  arise  in  the  tube  due  to  different  treat- 
ment as  regards  stirring  are  well  illustrated  by  the  following  experi- 
ments. A  tube  was  heated  up  without  stirring  to  0.2°  below  the 
critical  point,  /.  e,,  by  heating  the  tube  0.2°  higher  the  meniscus 
disappeared  in  the  usual  way.  The  volume  occupied  by  the  liquid 
at  this  temperature  was  0.38  of  the  total  volume  of  the  tube.  On 
inverting  the  tube  once  or  twice  the  liquid  disappeared  entirely  and 
an  unsaturated  vapor  was  the  result.  In  another  case  the  same 
solution  was  heated  3.2°  above  the  critical  point.  The  specific  con- 
ductivity of  the  solution  at  this  temperature  was  94.94  x  IO^  The 
volume  of  the  liquid  at  the  critical  point  was  0.36  of  the  total 
volume  of  the  tube. 

This  measurement  was  carried  out  with  the  solution  of  series 
XIII.  In  series  II.  the  same  tube  was  used  with  the  same  quan- 
tity of  solute  but  with  a  quantity  of  solvent  which  just  filled  the 
tube  at  the  critical  point.  At  3.2°  above  the  critical  point  II.  gave 
S  =  35.00  X  IO^  Now  in  the  two  cases  we  have  the  same  quantity 
of  solute,  only  in  the  first  case  the  solute  is  contained  in  0.36  of 
the  total  volume  of  the  tube,  while  in  the  second  case  the  solute 
was  distributed  through  the  entire  volume  of  the  tube.  Saying 
that  the  solute  in  the  first  case  was  contained  in  0.36  of  the  volume 
of  the  tube  means  that  at  the  critical  point  the  liquid  occupied  0.36 
of  that  volume  and,  since  the  volume  below  the  critical  point 
changed  in  this  case  but  very  little  with  the  temperature,  this  as- 
sumption seems  justified.  In  order  to  compare  the  conductivities 
in  the  two  cases,  it  is  necessary  that  the  solute  be  distributed  in  the 
same  space.  If  on  increasing  the  dilution  there  were  no  change  in 
the  conductivity  owing  to  the  change  in  dissociation,  then  one  might 
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make  the  correction  by  multiplying  the  specific  conductivity  in  the 
first  case  by  the  ratio  (0.36)  of  the  volumes  in  the  two  cases.  This 
gives  S'VJVx  10^=34.34.  In  truth,  the  conductivity  of  al- 
cohol solutions  changes  but  very  slowly  with  the  dilution.  There- 
fore the  above  corrected  value  of  the  conductivity  in  the  first  case 
should  be  very  nearly  the  same  as  that  in  the  second  case  if  the 
properties  of  the  solution  in  the  first  case  are  the  same  as  in  the 
second  case.  Now  the  corrected  value  in  the  first  case  is  34.34 
against  35.00  in  the  second  case.  As  regards  the  conductivity  then, 
a  solution,  which,  if  properly  mixed  would  form  an  unsaturated 
vapor  solution  before  the  critical  point  is  reached,  possesses,  by 
virtue  of  non-homogeneity,  arising  from  want  of  mixing,  the  same 
properties  as  a  homogeneous  solution  which  entirely  fills  the  tube 
at  the  critical  point.  So  long  as  the  solution  present  be  in  liquid 
form  on  passing  the  critical  point,  it  matters  not  what  may  be 
the  other  conditions  under  which  it  now  exists ;  as  regards  the 
conductivity  its  properties  are  the  same  as  those  of  a  tube  which 
at  the  critical  point  is  homogeneously  filled  with  liquid,  provided 
sufficient  time  has  not  elapsed  to  efface  the  non-homogeneity  by 
diffusion.  For  example,  the  pressure  in  the  tube  in  the  two  cases 
must  have  been  very  different.  The  pressure  then  can  have  no 
considerable  influence  on  the  conductivity.* 

On  inverting  the  tube  in  series  XIII.  the  conductivity  fell  to 
5.2.  The  following  may  make  clear  what  actually  happened.  A 
certain  solution  whose  volume  was  0.36  of  the  total  volume  of  the 
tube  had  a  specific  conductivity  of  94.94  X  lo^  If  this  solution  was 
diluted  with  solvent  which  was  in  the  liquid  state  as  it  passed  the 
critical  point,  then  the  specific  conductivity  fell  to  35.00  or  the 
molecular  conductivity  increased  in  the  ratio  of  34.34  to  35.00  on 
diluting  the  volume  of  the  solution  from  0.36  to  i.  If,  on  the 
other  hand,  the  solution  was  diluted  to  the  total  volume  of  the 
tube,  with  solvent  which  was  in  the  vapor  state  as  the  critical  point 
was  passed,  then  the  specific  conductivity  fell  from  94.94  x  10^  to 
5.2  X  10^  or  the  molecular  conductivity  the  dilution  was  decreased  by 
the  dilution  in  the  ratio  of  5.2  to  34.34.  Depending  therefore  on 
whether  the  diluting  solvent  was  in  the  liquid  or  the  gaseous  state 

*  Compare  Hagenback,  1.  c,  Ann.  der  Phys.,  5,  p.  305,  1901. 
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as  it  passed  through  the  critical  point,  at  a  temperature  3.2°  above 
the  critical  point  the  molecular  conductivity  was  increased  in  the 
ratio  of  34.34  to  35.00  or  it  was  decreased  in  the  ratio  of  34.34 
to  5.2  in  diluting  the  volume  of  the  solution  from  0.36  to  i.  It 
is  conclusively  shown  then  that  the  conductivity  of  a  solution  be- 
yond the  critical  point  is  determined  in  a  large  measure  by  the 
quantity  of  liquid  present  as  the  critical  point  was  passed,  the  tube 
not  having  been  stirred  since  the  passing  of  the  critical  point. 

It  still  remains  to  determine  if  there  is  any  change  in  the  proper- 
ties of  either  a  liquid  or  a  gas  as  the  critical  point  is  passed.  As 
already  pointed  out  this  cannot  be  done  with  a  tube  that  contains  a 
mixture  of  liquidogenous  and  gasogenous  molecules/  for  the  reason 
that  we  may  have  a  change  from  one  molecular  species  to  another, 
a  change  which,  in  view  of  the  diflFerent  conducting  power  of  the 
two  species,  would  in  all  probability  mask  any  change  going  on  in 
either  of  the  species  alone.  We  must  accordingly  simplify  the 
phenomenon  by  taking  a  tube  which  is  as  nearly  as  possible  filled 
with  a  single  species.  To  fill  the  tube  with  liquidogenous  mole- 
cules it  is  only  necessary  to  use  a  tube  which  is  filled  with  liquid  at 
the  critical  point.  Series  II.  gives  the  results  in  such  a  case  and 
the  same  are  represented  graphically  in  curve  9.  As  may  be  seen, 
the  conductivity  is  a  linear  function  of  the  temperature  just  below 
the  critical  point.  Just  beyond  the  critical  point  the  conductivity  is 
again  very  nearly  a  linear  function  of  the  temperature.  It  is  ap- 
parent that  at  the  critical  point  there  is  a  sudden  change  in  the  tan- 
gent to  the  curve,  indicating  an  abrupt  change  in  property  of  the 
liquid  as  the  liquid  passes  the  critical  point.  In  the  curve  plotted 
the  conductivities  are  corrected  for  the  volume.  If  such  correction 
had  not  been  made  the  change  at  the  critical  point  would  seem 
much  greater.  The  question  might  arise  if  the  result  observed  is 
not  the  result  of  a  change  brought  about  by  the  circumstance  that 
at  this  point  the  volume  ceases  to  change  ?  This  will  indeed  affect 
the  results.  The  correction  applied  is  on  the  basis  of  constant 
degree  of  dissociation.     As  a  result  of  the  change  in  volume  the 

1  In  the  course  of  the  paper,  when  for  the  sake  of  convenience  use  is  made  of  the  terms 
liquidogenous  and  gasogenous  molecules,  it  should  be  remembered  that  they  are  applied 
here  to  an  associated  liquid  and  that  they  are  not  necessarily  identical  with  the  same 
terms  as  applied  to  non- associated  liquids. 
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degree  of  dissociation  is  increased.  The  result  is  then  that  the 
curve  as  plotted,  with  the  correction  as  made,  will  run  less  steep 
than  it  would  if  the  volume  and  consequently  the  concentration  had 
been  kept  constant.  It  seems  necessary  then  to  ascribe  the  change 
observed  in  the  tangent  to  the  curve  to  some  intrinsic  change  in  the 
properties  of  the  liquid  taking  place  at  the  critical  point.  In  order 
to  test  this  change  further  at  the  critical  point,  measurements  were 
made  on  a  liquid  which  was  passed  through  the  critical  point  with- 
out stirring.  The  results  obtained  in  this  case  are  those  given  in 
series  XIV.  and  are  found  plotted  in  curve  14.  The  tube  employed 
was  constricted  at  the  middle  to  a  very  small  capillary  in  order  to 
retard  diffusion.  Here  again  a  discontinuity  takes  place  in  the  tan- 
gent. No  corrections  were  made  for  the  change  in  the  volume  of 
the  solution,  for  it  is  probable  that  the  change  of  the  liquidogenous 
portion  of  the  tube  continues  beyond  the  critical  point.  Even  with 
the  constriction  there  is  considerable  diffusion  as  could  be  readily 
observed  in  the  decrease  of  the  conductivity,  the  temperature  being 
kept  constant.  The  result  of  this  in  the  curve  is  to  make  the 
observed  effect  at  the  critical  point  less  pronounced.  It  is  to  be 
borne  in  mind  that  the  change  in  the  volume  at  the  critical  point  is 
very  considerable.  A  tenth  of  a  degree  changes  the  volume  by 
many  per  cent  In  series  X.,  curve  10,  Fig.  3.,  the  volume  of  the 
solution  remained  very  nearly  constant.  The  curve  is  in  this  case 
noticeably  steeper. 

To  fill  a  tube  with  vapor  we  have  merely  to  choose  the  amount 
of  liquid  such  that  all  the  liquid  evaporates  before  the  critical  point 
is  reached.  Series  XX.,  curve  20,  gives  the  results  under  such 
conditions.  The  solution  here  evaporated  2°  before  the  critical 
point  was  reached.  No  discontinuity  is  observable,  if  anything  the 
curve  runs  straighter  than  any  of  the  others.  In  series  XIX.  the 
liquid  also  disappeared  a  little  below  the  critical  point.  It  is  again 
noticeable  that  this  curve  runs  somewhat  straighter  than  the  curve 
above  it.  The  same  effect  is  observable  in  series  XIII. ,  curve  13. 
The  liquid  here  disappeared  at  0.2°  below  the  critical  point.  It  is 
seen  then  that  when  the  tube  is  full  of  liquid  at  the  critical  point 
the  curve  beyond  the  critical  point  is  comparatively  straight.  When 
the  tube  is  about  one  half  full  of  liquid  at  the  critical  point  the 
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curvature  is  greatest,  and  as  the  quantity  of  liquid  at  the  critical 
point  decreases  the  curve  again  becomes  straighter.  That  the  curve 
beyond  the  critical  point  is  never  quite  straight  is  not  surprising. 
When  the  tube  is  full  of  liquid  at  the  critical  point  we  doubtless 
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have  liquidogenous  molecules  breaking  up  into  gasogenous  mole- 
cules, while  when  the  tube  is  filled  with  vapor  the  vapor  doubtless 
holds  a  considerable  number  of  liquidogenous  molecules  in  solution. 
The  breaking  up,  or  possibly  the  transformation  of  these  liquidog- 
enous molecules  into  gasogenous  ones  has  as  a  consequence  the 
curvature  of  the  conductivity-temperature  curve.  Whether  or  not 
the  curve  ever  becomes  parallel  to  the  axis  of  temperatures  as 
Eversheim  finds  for  sulphur  dioxide  and  ammonia'  is  somewhat 
doubtful. 

It  rather  seems  that  in  the  case  of  the  alcohol  solutions  the  curve 
tends  to  approach  the  axis  of  temperatures  asymptotically.     In  the 

1  Eversheim,  Phys.  Zs.,  1.  c. 
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case  of  the  solution  which  evaporated  before  the  critical  point  was 
reached  it  is  certainly  very  doubtful  if  there  are  present  enough  of 
the  liquidogenous  molecules  to  bring  about  the  observed  decrease 
in  the  value  of  the  conductivity.  It  seems  more  probable  that  the 
change  is  brought  about  by  the  decrease  in  the  dissociation  of  the 
solute  consequent  on  the  change  in  the  molecular  forces  acting  be- 
tween solute  and  solvent,  upon  which  the  dissociation  seems  to  be 
dependent.  When  we  take  into  account  the  fact  that  electrolytic 
dissociation  takes  place  as  a  rule  only  in  associated  liquids,  and  that 
the  substances  dissociated  are  in  general  capable  of  forming  definite 
chemical  compounds  with  the  solvent/  this  contention  gains  much 
strength.  A  case  of  dissociation  in  an  unassociated  liquid  could  be 
easily  explained  on  the  basis  that  the  dissolved  substance  may  as- 
sociate itself  with  the  solvent  The  same  explanation  would  hold 
true  in  explaining  the  want  of  dissociation  of  a  dissociable  com- 
pound in  an  associated  liquid.  Thus  the  acid  amides  are  either  very 
poor  conductors  or  non-conductors  when  dissolved  in  water,  while 
they  are  very  good  conductors  when  dissolved  in  ammonia.  The 
same  holds  true  of  some  other  compounds  such  as  mercuric  chloride 
and  mercuric  cyanide.*  These  compounds  are  poor  conductors  in 
water,  yet  in  ammonia  they  are  relatively  good  conductors.  At  the 
same  time  the  association  has  been  shown  in  the  case  of  mercuric 
chloride  in  ammonia  f  it  is  probable  for  mercuric  cyanide  in  am- 
monia. It  seems  possible  therefore  that  the  decrease  in  conduc- 
tivity observed  for  alcohol  solutions  beyond  the  critical  point  is  due 
to  a  change  in  the  association  factor  between  the  solvent  and  the 
solute  rather  than  to  a  breaking  up  of  the  liquidogenous  molecules 
into  gasogenous  ones. 

Whether  or  not  a  discontinuity  of  the  tangent  takes  place  in  the 
case  of  non-assooiated  liquids  can  only  be  determined  by  experi- 
ment. If  it  can  be  shown  that  such  change  does  not  take  place, 
then  it  will  be  conclusive  evidence  that  this  change  in  the  case  of 
methyl  alcohol  is  due  to  its  association.  If,  on  the  other  hand,  the 
same  change  takes  place  in  non-associated  liquids,  then  we  must 

» A.  Werner,  Zt.  f.  Anorg.  Chem.,  3,  pp.  294-297,  1893. 
'FraDklin  and  Kraus,  Amcr.  Chem.  Jour.,  23,  p.  277,  1900. 
'Franklin  and  Kraus,  1.  c,  p.  300. 


00  I 


Digitized  by 


Google 


ICX) 


CHARLES  A.    KRAUS. 


[Vol.  XVllI. 


look  Upon  the  phenomenon  as  one  characteristic  of  the  change  from 
the  liquid  to  the  gaseous  state,  and  our  views  on  the  critical  phe- 
nomenon will  have  to  be  modified,  since  it  does  not  seem  possible 
to  account  for  a  discontinuity  on  the  basis  of  our  present  views  of 
the  critical  phenomenon.  The  curves  of  Hagenback*  show  a  very 
strong  curvature  at  the  critical  point  which  makes  it  seem  probable 
that  the  phenomenon  in  sulphur  dioxide  is  of  the  same  nature  as  in 
alcohol. 

It  is  seen  that  as  the  critical  point  is  approached  the  conductivity 
of  the  liquid  falls  below  that  of  the  gas  just  beyond  the  critical 
point  —  curves  10-12,    Fig.  3.     This  is  due  to  the  loss  of  solute 
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by  the  liquid  owing  to  its  greater  concentration  in  the  vapor.  For 
this  reason  it  is  impossible  to  follow  up  the  curve  at  the  critical 
point  in  any  case  but  that  in  which  the  tube  is  filled  with  liquid  at 
the  critical  point.  The  loss  of  solute  does  not  become  very  great 
except  within  a  few  tenths  of  a  degree  of  the  critical  point.  This  will 
not  affect  curve  9,  for  the  reason  that  at  the  point  where  the  quantity 
of  the  solute  in  the  vapor  becomes  appreciable,  the  space  occupied 
by  the  vapor  has  become  very  small. 

The  critical  state  of  a  substance  affords  an  excellent  opportunity 
for  studying  the  change  of  conductivity  with  varying  density  of  the 

*  A.  Hagenback,  1.  c. 
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solvent.  For  this  purpose  the  solvent  was  extracted  from  the 
solution  as  described  above,  leaving  the  solute  behind.  The  results 
are  given  in  series  XV.-XX.,  curves  1 5-20,  Fig.  4.  The  curves 
in  Fig.  3  were  originally  intended  for  the  same  purpose,  but  a 
mishap  rendered  the  concentration  of  the  solvent  somewhat  inexact, 
and  consequently  the  curves  are  useless  for  this  particular  purpose. 
In  the  case  of  curves  14-20  the  values  were  obtained  for  the  spe- 
cific conductivities  at  245°  and  250°.  These  values  are  given  in 
series  XXI. and  the  results  are  shown  graphically  in  curves  2 1  and  22 
Fig.  5.  For  larger  quantities  of  solvent  the  conductivity  is  very  nearly 
proportional  to  the  quantity  of  solvent.  This  would  seem  to  corre- 
spond to  a  solution  in  which  the  solvent  consists  largely  of  liqui- 
dogenous  molecules.  For  smaller  quantities  of  solvent  the  curve 
approaches  the  axis  of  density  of  solvent.  This  would  represent  the 
behavior  of  a  gasogenous  solution.  It  is  noticeable  that  the  straight 
line  begins  to  curve  at  a  point  corresponding  to  the  density  o.  1 80. 
It  is  at  this  point  that  the  solvent  disappeared  at  the  bottom  of  the 
tube  so  that  below  this  point  the  added  solvent  was  present  largely 
in  gasogenous  form.  The  effect  due  to  added  solvent  becomes 
much  more  pronounced  as  the  critical  point  is  approached,  as  can 
be  seen  by  comparing  the  two  curves. 

The  conductivity  of  vapors  possesses  some  interest.  In  general  the 
conductivity  of  a  vapor  of  constant  concentration  of  both  solvent 
and  solute  decreases  with  the  temperature,  as  is  seen  from  curve  20. 
In  the  case  of  a  saturated  vapor,  however,  the  conductivity  increases 
very  rapidly  as  the  critical  point  is  approached.  This  is  due  to  the 
rapid  increase  in  the  concentration  of  both  solvent  and  solute.  A 
sufficient  amount  of  data  has  not  yet  been  collected  to  enable  the 
discussion  of  the  behavior  of  vapors  in  detail.  A  number  of  curves 
are,  however,  given  to  illustrate  their  behavior  (curves  5-8,  Fig.  6). 
It  is  probable  that  curve  20  represents  their  behavior  completely 
in  the  case  of  constant  concentration  of  both  solvent  and  solute. 

Summary  of  Results. 

I.  Solutions  in  methyl  and  ethyl  alcohol  possess  maxima  of 
electrical  conductivity,  the  former  in  the  neighborhood  of  1 50°,  the 
latter  in  the  neighborhood  of  100°. 


Digitized  by 


Google 


No.  2.]  CONDUCTIVITY  OF  SOLUTIONS,  103 

2.  Solutions  iiv  methyl  and  ethyl  alcohol  conduct  beyond  the 
critical  point,  the  former  conducting  much  the  better. 

3.  The  temperature  coefficient  of  a  solution  in  methyl  alcohol 
undergoes  a  sudden  change  at  the  critical  point.  This  phenomenon 
is  apparent  only  when  the  tube  is  completely  filled  with  liquid  at 
the  critical  point,  or  when  the  solvent  passes  through  the  critical 
point  without  stirring. 

4.  An  unsaturated  vapor  solution  exhibits  no  discontinuity  at  the 
critical  point  of  the  solvent.  Solutions  which  consist  of  mixtures 
of  gasogenous  and  liquidogenous  molecules  exhibit  a  great  change 
of  the  conductivity  immediately  beyond  the  critical  point,  but  a  dis- 
continuity of  the  tangent  can  not  be  established. 

5.  Methyl  alcohol  presents  the  same  phenomena  of  non-homo- 
geneity beyond  the  critical  point  as  do  other  liquids  studied  in  this 
connection. 

6.  The  conductivity  has  been  studied  for  solutions  possessing  the 
same  concentration  of  solute  and  different  densities  of  solvent.  For 
large  quantities  of  solvent  present  the  conductivity  is  nearly  pro- 
portional to  the  quantity  of  solvent.  For  smaller  quantities  of  sol- 
vent present  the  ratio  of  increase  of  conductivity  is  much  smaller. 
As  the  critical  point  is  approached,  the  ratio  of  increase  of  conduc- 
tivity with  increase  of  solvent  is  increased. 

7.  The  vapor  of  a  solvent  may  become  a  very  good  conductor  in 
the  neighborhood  of  the  critical  point.  The  conductivity  increases 
very  largely  for  a  saturated  vapor  as  the  critical  point  is  approached 
owing  to  increasing  density  of  both  solvent  and  solute. 

I  take  great  pleasure  in  acknowledging  my  indebtedness  to  Pro- 
fessors Rising  and  0*Neil,  of  the  Department  of  Chemistry,  for  a 
work  room  and  for  the  facilities  of  their  department.  I  wish,  more- 
over, to  acknowledge  to  the  other  members  of  the  same  department 
my  appreciation  of  the  many  courtesies  extended  me. 

Physical  and  Chemical  Laboratories  of  the  University  of  California, 
Berkeley,  September,  1903. 


Digitized  by 


Google 


I04  S.  /.   BARNETT,  [Vol.  XVIII. 


\7 


SOME    EXPERIMENTS    ON   THE    POLARIZATION  AND 
RECOVERY   OF   CADMIUM    CELLS. 

By  S.  J.  Barnett. 

ALL  the  elements  used  in  these  experiments  were  set  up  in  small 
H-form  vessels  by  me,  following  the  methods  of  the  Reichsan- 
stalt  with  unimportant  *  deviations.  The  cells  designated  as  Nos.  i ,  2, 
and  3  were  mounted  about  the  middle  of  last  November,  and  their 
e.m.f.s  were  first  compared  some  ten  days  later.  Their  maximum 
difference  was  then  about  i  part  in  10,000,  and  in  recent  compari- 
sons (except  after  severe  treatment,  described  below)  they  have  not 
differed  by  more  than  a  few  parts  in  100,000.  Nearly  the  same 
degree  of  excellence,  tested  either  by  agreement  among  themselves 
or  by  agreement  with  the  cells  of  the  first  group,  was  attained  with- 
in a  few  days  after  their  mounting  by  Nos.  4,  5,  and  6,  which  were 
set  up  on  April  13.  and  Nos.  7,  8,  and  9,  which  were  set  up  on 
April  16.  The  mercury  used  in  all  the  cells  was  from  the  same 
stock,  while  the  other  constituents  were  from  different  stocks  for 
the  cells  of  the  first  groups  and  those  set  up  later.  The  paste  in 
Nos.  4,  5,  and  6  contained  no  free  mercury.  The  volume  of  paste 
in  No.  5  and  in  No.  6  was  much  greater  than  in  any  of  the  other 
cells  (accounting  for  their  high  resistances). 

The  resistances  of  the  cells  were  measured  by  a  variety  of 
methods,  the  only  one  wholly  satisfactory  being  that  of  the  bridge 
and  secohmmeter  with  alternating  currents.  The  resistances  of 
Nos.  I,  2, 3,  4,  5,  6,  7,  and  9,  which  will  be  denoted  by  B^,  B^,  .  • .,  B^^ 
determined  by  this  method  on  May  12  at  22^.3  C.  were  B^^ 
361,  B^  =  401,  ^3  =  342,  B^  =  408,  B^  =  571,  B^  =  587,  5,  =  351, 
-ff^  =  421,  all  in  ohms.  The  resistance  at  the  same  temperature  of 
No.  8,  obtained  by  a  different  method  but  reduced  to  correspond 
with  the  above  values  by  comparison  with  other  cells  whose  re- 
sistances were  determined  by  both  methods,  was  about  435  ohms. 
1  At  least  for  the  purposes  of  these  experiments. 
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The  temperature  coefficient  of  the  resistance  of  the  cells  at  20°  C. 
was  found  to  be  —  0.029.  The  resistances  given  above,  properly 
corrected  for  temperature,  were  used  in  calculating  the  recovery 
curves  given  below. 

The  current  through  a  cell  during  polarization  was  read  on  a 
Weston  millivoltmeter  of  5  ohms  resistance. 

The  e.m.fs  of  polarization  during  recovery  experiments  were 
determined  by  the  differential  method  of  direct  deflections,  which 
offered  the  advantages  of  great  rapidity  and  sensitiveness.  Two 
cells,  one  with  normal  e.m.f ,  the  other  polarized,  were  connected  in 
series  with  a  galvanometer  and  a  box  resistance  of  100,000  ohms 
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and  the  deflection  read.  The  cells  were  then  opposed  to  one 
another  in  the  same  circuit,  the  box  resistance  plugged  out,  and  the 
deflection  again  read.  If  ^'j  and  E^  denote  the  e.m.fs  of  the  two 
cells,  B^  and  B^  their  resistances,  G  the  resistance  of  the  galvanom- 
eter, and  D  +  and  D  — -  the  deflections  (corrected  when  necessary) 
with  the  cells  in  series  and  opposition  respectively,  the  ratio  of  the 
difference  of  the  e.m  f.s  to  their  sum  is 


E^  +  E^     B^  +  B^+  G+  loo 


D^ 


riJL    ?_!_  _  — 

''  B^  +  B^+  G+  100,000  ^  ~D  + 
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The  method  is  open  to  the  objection  that  during  the  recovery  of 
the  cell  under  test  the  standard  cell  is  furnishing  a  current  in  such  a 
direction  as  to  polarize  itself  and  to  hasten  the  recovery  of  the  other 
cell.  Inasmuch,  however,  as  the  current  was  never  greater  than 
about  y  jVit  an^P^re  at  its  maximum  value  in  the  early  part  of  a  re- 
covery series,  and  fell  in  a  few  seconds  to  an  excessively  small 
value,  the  e.m.f  of  the  standard  cell  was  assumed  to  remain  constant 
in  calculating  the  recovery  curves.  The  same  method  was  used  in 
comparing  the  e.m.f.s  of  the  cells  from  time  to  time,  although  it 
must  always  give  somewhat  too  close  an  agreement,  and  was  occa- 
sionally roughly  checked  by  a  potentiometer.  In  some  of  the  later 
experiments,  in  which  the  e.m.f.  of  polarization  was  very  great,  the 
box  resistance  was  left  in  for  both  deflections. 

The  galvanometer  was  a  heavy  instrument  of  the  Wiedemann 
type  with  a  highly  damped  bell  magnet,  making  it  possible  to  begin 
observations  about  6"  after  closing  the  circuit.  The  variations  of 
the  null  point  were  small  and  easily  allowed  for.  The  resistance  of 
the  coils  used  was  about  500  ohms. 

The  time  was  recorded  with  a  clock  and  chronograph  or  with  a 
watch,  according  to  the  demands  of  speed  and  convenience.  The 
temperature  was  read  when  necessary  from  a  thermometer  hanging 
on  the  wall. 

After  a  few  preliminary  experiments  more  accurate  observations 
began  on  February  28  with  No.  i  as  standard  and  No.  2  under  test 
No.  2  had  been  frequently  short-circuited  before,  though  never  for 
a  great  length  of  time. 

About  8*"  20"  Z^-l-  was  11.5  cm.*  and  Z^—  was  inappreciable 
(0.005  cm.  could  be  detected,  though  readings  were  taken  in  gen- 
eral only  to  o.oi  cm.).  At  8**  22"  No.  2  was  short-circuited  through 
the  mil li voltmeter  and  its  deflections  and  the  time  were  read  simul- 
taneously for  about  five  minutes.  The  observations  are  platted  in 
Curve  I.  of  Fig.  i . 

At  8*"  27"  the  circuit  was  broken  and  the  cell  connected  for  e.m.f 
comparisons  (through  the  galvanometer  in  opposition  to  No.  i). 
Simultaneous  galvanometer  and  time  readings  were  then  taken  for 
over  ten  minutes.  From  these  data  and  the  resistance  jPj  -f  -ff ^  -f  (7 
=  1,375  ohms,  the  recovery  curve  was  calculated,  and  is  platted  as 
Curve  I.  of  Fig.  2. 
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After  a  few  resistance  experiments  the  galvanometer  was  read- 
justed and  Z?  +  (  =  38.1  cm.)  and  Z?  —  (  =»  0.20  cm.,  E^  >  E^  by 
0.014  per  cent.)  were  observed.  At  9**  32"  No.  2  was  again  short- 
circuited  and  a  second  polarization  curve  obtained,  platted  as  Curve 


> — 

•^ 

~ 

U 

1 



-It. 

' — C 

^ 

» 

=:S 

k 

:>-^ 

1 

^1 

1 

1 

^^MT^ 

-^^-III^"^-^^ 

^ 

i 

r^ 

— 

-- 

^^ 

'-o^ 

^- 

r\ 

1 

.._ 

^ 

<x\j 

RECOVERY  OF  CADMIUM  CELL  NO.  2 
FROM  POLARIZAflON 

^\V- 

1 

, 

1..  II..  AND  III.— FEB.  28 
IV. -APRIL  2 

r  iviY 

1          1 

J 

1          ■          i 

1 

!    1        1        1 

"T 

1 

'      1 

1 

1 

1    , 

^f 

i 

— 

1 

— 

i  " 

. 

1 

0 

0.01 

0.02 

0.03 

0.04  I 

0.05? 

0.08  I 

0.07*^ 
a: 

.008  5 

ao9  2 


18    17      16      Id     14      U     12     11      10       9       8       7        6        5       4        3       2 
Tim*  after  Breakmji  Circuit  in  Minut«t 


0.10  t 

0.11 

0.12' 

0.13 

0.14 

0.15 


Fig.  2. 

II.,  Fig.  I.  After  ten  minutes  the  circuit  was  broken  and  a  sferies 
of  e.m.f.  readings  begun.  The  recovery  curve  calculated  from  these 
observations  and  from*  the  resistance  B^  +  B^+  G  ^  1,364  ohms  is 
platted  as  Curve  II.,  Fig.  2. 

At  10**  44"  the  cell  was  again  short-circuited,  and  at  lo*"  31"  the 
drcuit  was  broken  and  connections  made  for  e.m.f.  comparisons. 
The  polarization  observations  are  platted  as  Curve  III.,  Fig.  i,  and 
the  earlier  part  of  the  recovery  curve  (calculated  with  B^  +  B^+  G 
=  1.353  ohms)  is  platted  as  Curve  III.,  Fig.  2.  At  44""  I2*  after 
the  circuit  was  broken  £^  differed  from  its  initial  value  by  less  than 
o.ooi  per  cent.  (The  initial  deflections  before  the  polarization 
began  were  D  +  =38.1  cm.  and  /?—  =  0.17  cm.,  making  E^  >  E^ 
by  0.012  per  cent.) 
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On  April  2  several  series  of  experiments  were  made  upon  No.  2. 
The  apparatus  was  so  arranged  that  all  the  combinations  for  the 
different  measurements  could  be  made  by  simply  opening  or  closing 
keys,  inserting  plugs,  etc. 

At  9^  36"  No.  2  was  short-circuited  for  3".  At  lo*"  2"  the  pro- 
cess was  repeated.  At  10**  39°  connections  were  made  for  e.m.f 
comparisons.  D  +  was  found  to  be  1 3.2  cm.  and  Z>  —  to  be  o.<X)5 
cm.  {E^>  E^.  At  10**  45"  No.  2  was  short-circuited  through  the 
voltmeter,  whose  reading  fell  to  1.7  millivolt  at  the  end  of  three 
minutes,  when  the  circuit  was  broken  and  the  recovery  observations 
began.  The  galvanometer  deflection  is  platted  as  a  function  of  the 
time  after  breaking  the  circuit  in  Curve  II.,  Fig.  4  (the  observations 
being  indicated  by  the  circular  rings),  and  the  recovery  curve  is 
platted  in  Curve  I.,  Fig.  6.  A  part  of  the  latter  curve  is  also  platted 
for  purposes  of  comparison  in  Fig.  2  (Curve  IV.).  These  curves 
were  calculated  with  B^  +  B^+  G  =  1,373  ohms. 

The  low  values  to  which  Ji^  fell  after  polarization  in  these  experi- 
ments is  evident  from  the  polarization  data  and  the  fact  that  the 
initial  current,  calculated  from  the  resistances  and  the  initial  e.m.f. 
of  the  cell,  would  exceed  i  ^  milliampere. 

To  examine  the  (possible)  variation  of  resistance  during  the  time 
of  recovery  the  following  experiments  were  performed.  An  Edison 
cell  (with  e.m.f.  0.88  volt  on  April  3)  was  connected  to  the  termi- 
nals of  a  resistance  box  with  1,010  ohms  unplugged,  and  from  trav- 
eling plugs  connected  with  the  terminals  of  the  lo-ohm  coil  the  cur- 
rent was  led  through  the  galvanometer,  a  reversing  key,  and  the 
two  cadmium  cells  in  opposition.  When  the  key  was  reversed  the 
current  was  reversed  through  the  cells,  but  not  through  the  galva- 
nometer. The  deflection  was  read  for  both  directions  of  the  current 
through  the  cells,  and  the  mean  deflection  at  any  time  was  taken  as 
inversely  proportional  to  the  resistance  B^  +  B^-^-  G.  The  initial 
mean  deflection  was  found  to  be  3.98  cm.  No.  2  was  then  short- 
circuited  for  3™,  at  the  end  of  which  the  circuit  was  broken  and  the 
cells  connected  as  above  with  the  current  from  the  Edison  shunt 
traversing  No.  2  in  the  normal  direction  (  —  to  -f-  ).  The  galvanom- 
eter deflections  were  then  observed  as  a  function  of  the  time  after 
breaking  the  circuit.     The  results  are  platted  in  Curve  I.,  Fig.  3. 
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After  another  short-circuit  of  3",  beginning  at  1 2**  3™,  a  similar 
set  of  observations  was  made,  but  with  the  current  traversing  the 
cells  in  the  opposite  direction  (+  to  —  in  No.  2).  The  results  are 
platted  in  Curve  II.,  Fig.  3. 

At  12*"  16-17"  deflections  with  the  current  in  both  directions 
through  the  cells  were  taken,  the  mean  deflections  in  two  sets  being 
4.00  cm.  and  4.02  cm. 
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With  the  same  connections,  No.  2  was  short-circuited  for  3™,  put 
on  open  circuit  for  i",  short-circuited  again  for  i",  then  put  on 
open  circuit  at  1 2**  24"  with  the  current  from  the  Edison  shunt 
traversing  it  in  the  normal  direction  (  —  to  -f-  ).  The  galvanometer 
deflection  was  read  as  soon  as  the  oscillations  of  the  needle  had 
stopped,  then  the  cuirent  was  reversed  through  the  cells  and  the 
deflection  read,  then  reversed  again,  etc.,  times  being  read  simul- 
taneously with  deflections.  The  results  are  platted  in  Curves  III. 
and  IV.,  Fig.  3  ;  Curve  III.  containing  the  results  with  the  current 
through  No.  2  in  the  normal  direction  and  Curve  IV.  the  results 
with  the  current  in  the  opposite  direction. 

The  mean  ordinate  of  Curves  III.  and  IV.,  Fig.  3,  is  platted  as  a 
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function  of  the  time  after  open  circuit  in  Curve  I.,  Fig.  4.  the  first 
point,  however,  being  obtained  from  Curves  I.  and  II.,  Fig.  3. 

The  black  circles  on  Curve  II.,  Fig.  4,  exhibit  the  relation 
between  the  half  difference  of  the  ordinates  of  Curves  III.  and  IV., 
Fig.  3,  and  the  time,  the  first  point,  however,  being  obtained  from 
Curves  I.  and  II  of  the  same  figure. 
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Fig.  4. 

The  figure  (Fig.  4)  shows  that  the  resistance  of  the  cells  and 
galvanometer  in  series  did  not  differ  appreciably  during  the  recov- 
ery observations  from  its  initial  value  before  short-circuit  (deflection 
4.01  cm.). 

On  April  22  observations  were  made  upon  cell  No.  7,  which  had 
not  previously  been  used  (except  from  e.m.f.  and  resistance  compari- 
sons with  extremely  weak  currents).  Its  initial  electromotive  force 
was  found  to  be  about  0.002  per  cent,  greater  than  that  of  No.  i. 

At  10**  62"  No.  7  was  short-circuited  and  its  polarization  curve 
obtained.     The  observations  are  platted  in  Curve  I.,  Fig.  5. 

At  1 1**  22"  the  circuit  was  broken  and  recovery  observations  be- 
gan. The  results  are  platted  in  Fig.  6,  Curve  III.,  calculated  with 
^j  -f-  ^y  -f-  G"  =  1,248  ohms. 

No.  7  was  short-circuited  again  at  11**  59",  and  once  more  at 
12**  15°.  The  two  sets  of  polarization  observations  are  platted  in 
Curves  II.  and  III.,  Fig.  5. 

The  occurrence  of  maxima  in  some  of  the  polarization  curves  is 
not  peculiar  to  No.  j}     Such  maxima  have  been  observed  with  No. 

1  Nor  is  it  peculiar  to  cadmium  cells.     Nov.  14,  1903. 
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2  (as  in  Fig.  i,  Curve  IV.)  and  with  No.  3,  and  would  doubtless 
occur  with  any  of  the  others  if  short-circuited  sufficiently,  unless 
perhaps  the  resistance  of  some  of  the  cells  is  too  great.  In  such 
cases  maxima  of  the  same  kind  could  doubtless  be  produced  by 
increasing  the  polarization  current  with  the  aid  of  an  additional 
e.m.f.,  as  in  the  case  of  Curve  VI.,  Fig.  i  (see  below). 
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Fig.  5. 


On  April  25  cell  No.  7,  whose  e.m.f.  was  then  initially  about 
0.006  per  cent  greater  than  that  of  No.  i,  was  short-circuited 
(without  the  voltmeter)  at  8*"  41",  and  was  so  left  until  12*"  52", 
when  the  circuit  was  broken.     At  12*"  53"  the  e.m.f.  of  No.  7  was 
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only  9.7  per  cent,  of  its  normal  value.     Two  days  later  its  e.m.f. 
was  less  than  that  of  No.  i  by  only  o.ooi  per  cent. 

On  April  25  some  experiments  were  also  performed  upon  Nos.  6 
and  9,  which  had  not  been  previously  short-circuited.  The  initial 
differences  between  their  e.m.f.s  and  that  of  No.  5,  with  which  they 
were  compared  throughout  the  experiments,  were  0.002  per  cent, 
and  0.003  per  cent. 
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The  polarization  observations  upon  No.  9  are  platted  in  Curve  I., 
Fig.  7.  Seven  and  one  half  minutes  after  the  circuit  was  broken 
the  e.m.f.  had  risen  to  within  0.02  per  cent,  of  its  initial  value. 

Cell  No.  6  was  short-circuited  on  the  same  day  at  1 1*"  48"  and 
the  circuit  broken  at  1 1*"  56".     The  polarization  observations  are 
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platted  in  Curve  II.,  Fig.  7.  Four  minutes  after  breaking  the  cir- 
cuit the  e.m.f.  had  recovered  to  within  0.03  per  cent,  of  its  initial 
value.  At  1 2**  o"  No.  6  was  again  short-circuited.  The  polariza- 
tion observations  are  platted  in  Curve  III.,  Fig.  7.  In  16"  after 
opening  the  circuit  the  e.m.f.  had  risen  to  within  o.i  per  cent,  of 
its  original  value. 

On  the  same  day  (April  25)  some  experiments  were  also  made 
upon  No.  2,  whose  e.m.f.  was  initially  0.0037  P^^  cent,  greater 
than  that  of  No.  i.  At  9^  50"  No.  2  was  short-circuited.  The 
polarization  observations  are  platted  in  Curve  IV.,  Fig.  i.  Although 
the  cell  had  not  been  short-circuited  since  April  2,  the  curve  shows 
all  the  peculiarities  of  an  experienced  cell. 

About  4°"  later  the  circuit  was  broken  and  recovery  observations 
began.  The  results  (calculated  with  B^  +  B^+  G=  1,378  ohms) 
are  platted  in  Curve  II.,  Fig.  6. 

A  single  chloride  accumulator  (e.m.f  =  2.03  volts)  was  then 
arranged  to  be  connected  through  a  key  to  the  terminals  of  No.  2, 
with  its  positive  pole  to  the  negative  pole  of  No.  2.  The  key  was 
closed  at  lo*"  11"  and  opened  at  lo*"  15"  9*.  The  observations  are 
platted  in  Curve  V.,  Fig.  i.  After  open  circuit  connections  were 
made  for  e.m.f  comparisons  (with  100,000  ohms  in  the  circuit 
for  both  arrangements  of  the  cells).  At  10**  22"  and  10**  38"  the 
e.m.f.  of  No.  2  was  7.3  per  cent,  and  9.4  per  cent,  respectively, 
of  its  initial  value. 

The  same  accumulator  was  then  closed  in  the  opposite  direction 
through  No.  2  (at  10^  40°*),  and  Curve  VI.,  Fig.  i,  was  obtained. 
The  circuit  was  broken  at  10**  48".  Two  minutes  later  the  e.m.f. 
of  No.  2,  which  had  increased  greatly  after  200"  charging,  was 
found  to  exceed  that  of  No.  i  by  only  o.i  per  cent.,  which  was  re- 
duced in  7™  more  to  0.04  per  cent. 

In  the  first  case  (Curve  V.)  £^  was  reduced  almost  to  zero,  and 
in  the  second  case  (Curve  VI.)  it  recovered  its  normal  value  within 
a  few  seconds.  The  resistance  of  the  circuit  did  not  alter  greatly, 
if  at  all,  at  least  in  the  earlier  parts  of  the  experiments. 

The  accumulator  was  then  again  connected  to  No.  2  (in  oppo- 
sition) and  so  left  for  5".  Two  minutes  after  breaking  the  circuit 
(11**  3"*  25")  its  e.m.f  was  only  0.17  per  cent,  greater  than  that  of 
No.  1.     At  12**  44"*  the  excess  was  only  0.02  per  cent. 
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At  12**  46™  No.  2  was  short-circuited  through  the  voltmeter. 
The  observations  are  platted  in  Curve  VII.,  Fig.  i,  which  resem- 
bles closely  the  polarization  curve  of  a  fresh  cell.  The  approx- 
imate coincidence  between  this  curve  and  a  part  of  Curve  VI.  is  due 
to  the  fact  that  the  e.m.f.  of  the  accumulator  was  almost  exactly 
twice  that  of  the  cadmium  cell.  The  e.m.f.  of  No.  2,  on  being 
tested  just  after  breaking  the  circuit,  was  found  to  exceed  that  of 
No.  I  by  0.06  per  cent.  —  a  greater  difference  than  before.  Two 
days  later  the  excess  was  0.016  per  cent. 
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Fig.  7. 

At  II**  io°*  two  accumulators  in  series  (e.m.f.  =  4.1  volts) 
were  connected  to  the  terminals  of  Nos.  4  and  8  in  opposition  with 
the  current  in  the  normal  direction  through  No.  8,  and  were  so 
left  until  12**  26",  when  the  circuit  was  broken.  At  12**  31°*  the 
e.m.f.  of  No.  8  was  only  6.9  per  cent,  of  its  original  value,  while 
that  of  No.  4  exceeded  its  initial  value  by  4.7  per  cent.  Two  days 
later  No.  8  had  recovered  to  within  about  0.006  per  cent,  of  its 
normal  e.m.f.  and  No.  4  to  within  about  0.09  per  cent. 

On  May  2  at  12**  52°*  a  dynamo  with  an  e.m.f.  of  about  93 
volts  was  connected  in  series  with  No.  4  and  No.  8  in  opposition, 
the  current  traversing  No.  4  in  the  normal  direction.  Ten  minutes 
later  the  cells  had  become  considerably  heated,  and  the  upper  part 
of  the  mercurous  sulphate  and  adjacent  liquid  in  No.  8  greatly  per- 
turbed. The  circuit  was  then  broken,  and  closed  again  a  little 
later.  At  the  end  of  about  2°*  No.  8  exploded  and  broke  the  cir- 
cuit. The  e.m.f.  of  No.  4  was  then  tested  and  found  to  have  fal- 
len to  5.5  per  cent,  of  its  original  value.     On  May  2  it  had  risen 
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to  6.0  per  cent.,  on  May  7  to  9.4  per  cent,  and  on  May  12  to 
within  about  0.27  per  cent,  of  its  initial  value.  Shortly  after  the  last 
comparison  the  cell  was  charged  for  i°*  with  a  single  accumulator 
(through  the  millivoltmeter).  The  e.m.f.  was  then  found  to  exceed 
£i  by  0.3  per  cent,  the  excess  rapidly  diminishing  to  o.i  $  per  cent 
On  May  15,  E^  exceeded  E^  by  0.04  per  cent*  (On  May  12  the 
resistances  of  all  the  cells  had  been  measured,  both  by  alternating 
currents  and  by  a  charging  current  from  2  accumulators.) 

Also  on  May  2,  about  i**  10"*,  the  dynamo  was  connected  in 
opposition  to  No.  7  and  so  left  for  about  30*.  The  e.m.f.,  on  being 
tested  quickly  after  opening  the  circuit  was  found  to  exceed  E^  by 
0.054  per  cent,  the  excess  decreasing  to  0.04  per  cent,  by  the  next 
morning.  On  May  7  the  e.m.f.  of  No.  7  was  greater  than  that  of 
No.  I  by  0.024  per  cent  and  on  May  12  by  o.oi  per  cent  On 
May  15  the  e.m.f.  of  No.  i  exceeded  that  of  No.  7  by  o.ooi  per 
cent. 

In  most  of  the  experiments  here  described  I  have  been  assisted 

by  one  of  my  students,  Mr.  C.  K.  Studley. 

Stanford  University,  California, 
May  16,  1903. 

1  In  a  comparison  made  yesterday  Ey^  exceeded  E^  by  only  about  0.004  per  cent. 
Not.  14,  1903. 
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PROCEEDINGS 

OF   THE 

American  Physical  Society. 

Minutes  of  the  Twenty-Second  Meeting. 

THE  annual  meeting  of  the  Physical  Society  was  held  at  the  Central 
High  School,  St.  Louis,  Mo.,  on  Wednesday,  December  30,  1903, 
in  cooperation  with  Section  B  of  the  American  Association  for  the  Ad- 
vancement of  Science. 

Tellers  being  appointed  by  the  President,  the  ballots  for  the  annual 
election  were  counted  and  the  following  named  officers  were  elected  : 
.President,  Arthur  G.  Webster;  Vice-President,  Elihu  Thomson ;  Secre- 
tary,  Ernest  Merritt;    Treasurer,   William   Hallock;    Members  of  the 
Council,  E.  Rutherford  and  W.  S.  Franklin. 

The  report  of  the  treasurer  for  the  year  1903  was  read  by  the  secretary. 
The  report  is  printed  below. 

The  following  papers  were  presented : 

1.  The  Radioactivity  of  Ordinary  Metals.     E.  F.  Burton. 

2.  Does  the  Radioactivity  of  Radium  Depend  upon  the  Concentra- 
tion ?    E.  Rutherford. 

3.  The  Heating  Effects  of  the  Radium  Emanation.     E.  Rutherford 
and  H.  T.  Barnes. 

4.  The  Phosphorescence  of  Organic  Substances  at  Low  Temperatures. 
Preliminary  Note.     E.  L.  Nichols  and  Ernest  Merritt. 

5.  The  Spectro-photometric  Study  of  Fluorescence.    E.  L.  Nichols 
and  Ernest  Merritt. 

6.  On  the  Electrical  Conductivity  of  Liquid  Films.    Lyman  J.  Briggs. 

7.  On  the  Use  of  Nickel  in  the  Core  of  the  Marconi  Magnetic  De- 
tector.    Arthur  L.  Foley. 

8.  On  Double  Refraction  in  Matter  Moving  through  the  Ether.     D. 
B.  Brace. 

9.  Electric  Double  Refraction  in  Gases.     D.  B.  Brace. 

10.  The  Work  of  the  National  Bureau  of  Standards.     E.  B.  Rosa. 

1 1 .  The  Spectrum  of  the  Afterglow  of  the  Spark  Discharge  in  Nitrogen 
at  Low  Pressures.     Percival  Lewis. 
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12.  The  Spectrum  of  the  Electrodeless  Discharge  in  Nitrogen.  Per- 
crvAL  Lewis. 

On  behalf  of  the  Council  the  secretary  made  the  following  announce- 
ments : 

Accepting  an  invitation  from  the  Philosophical  Society  of  Washington, 
the  Council  has  decided  to  hold  the  spring  meeting  of  the  Physical  So- 
ciety in  the  year  1904  in  Washington.  The  date  of  the  meeting  is  to  be 
decided  by  the  officers  of  the  Physical  Society  and  will  be  announced  later. 

The  Physical  Society  has  been  invited  by  the  Committee  of  Organiza- 
tion of  the  International  Electrical  Congress  to  hold  a  meeting  in  St. 
Louis,  in  connection  with  the  meeting  of  the  Congress,  during  the  month 
of  September,  1904.  The  Council  voted  to  accept  this  invitation,  pro- 
vided that  mutually  satisfactory  arrangements  could  be  made.  It  is  the 
sense  of  the  Council  that  a  definite  plan  should  be  presented  by  the 
Council  at  this  meeting  for  the  establishment  of  a  western  section  of  the 
Physical  Society.  Ernest  Merritt, 

Adjourned.  Secretary, 

Treasurer's  Report  for   1903. 
Receipts. 

Balance  from  1902 {1406.49 

Interest  on  the  same  to  Dec.  31,  1903 49.23 

Arrears  of  dues  for  previous  years 150.00 

Three  life  membership  fees 150.00 

Annual  dues 930.00 

Total I2685.72 

Disbursements. 

Printing,  Andrus  and  Church $  102.40 

Subscriptions  to  Physical  Review 591.00 

Subscriptions  to  Science  Abstracts 295.50 

Officeof  the  Secretary 112.34 

Oflfice  of  the  Treasurer 27.37 

Total $1128.61 

Balance  carried  forward 1557. ii 

Toul $2685.72 

William  Hallock, 

Treasurer, 

Does  the  Radioactivity  of  Radium  Depend  Upon  Its 

Concentration  ?* 

By  E.  Rutherford. 

BY  the  electric  method,  the  intensity  of  the  y  radiation  from  a  known 
quantity  of  radium,  in  a  state  of  radioactive  equilibrium,  was  de- 
termined first  in  the  form  of  pure  solid  radium  bromide  and  second 

1  Abstract  of  a  paper  presented  at  the  meeting  of  the  Physical  Society  held  on  De- 
cember 30,  1903. 
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when  dissolved  in  a  solution  of  radium  chloride  of  more  than  a  thousand 
times  the  volume  of  the  solid  radium  bromide.  No  appreciable  differ- 
ence in  the  intensity  of  the  y  rays  was  observed  in  the  two  cases, 
although  the  experiments  were  continued  over  a  month's  interval.  Since 
the  intensity  of  the  x  rays  serves  as  a  comparative  measure  of  the  radio- 
activity of  radium,  it  may  be  concluded  that,  over  the  range  examined, 
the  radioactivity  of  radium  is  independent  of  its  concentration.  This 
result  shows  that  the  rate  of  disintegration  of  radium  and  its  products  is 
not  appreciably  altered  by  the  bombardment  of  its  own  powerful  radia- 
tions, and  renders  it  probable  that  the  radioactivity  of  radium  is,  in  all 
cases,  directly  proportional  to  the  amount  of  that  element  present. 

Heating  Effect  of  the  Radium  Emanation. 
By  E,  Rutherford  and  H.  T.  Barnes. i 

AN  account  of  some  preliminary  experiments  to  show  that  the  radium 
emanation,  together  with  the  secondary  products  which  arise 
from  it,  was  responsible  for  a  large  proportion  of  the  heat  emission  of 
radium  was  given  in  Nature  (October  29,  1903).  Further  results  on 
this  question  were  communicated  to  the  Physical  Society.  The  emana- 
tion from  thirty  milligrams  of  pure  radium  bromide  was  released  by  heat 
and  condensed  in  a  small  glass  tube  immersed  in  liquid  air.  The  varia- 
tion with  time  of  the  heating  effect  of  the  deemanated  radium  and  of 
the  tube  containing  the  emanation  was  determined  at  regular  intervals 
for  over  a  month.  A  special  form  of  differential  air  calorimeter  was  em- 
ployed to  measure  the  small  heating  effect  involved.  It  was  found  that 
the  heating  effect  of  the  emanation  tube  increased  to  a  maximum  after 
about  three  hours,  and  then  decayed  according  to  an  exponential  law 
with  the  time,  falling  to  half  value  in  a  little  less  than  four  days.  The 
heating  effect  of  the  deeman^cted  radium  fell  rapidly  in  the  course  of 
three  hours  to  a  minimum,  corresponding  to  25  per  cent,  of  its  original 
value  and  then  slowly  increased  again  with  the  time,  recovering  its  orig- 
inal value  after  an  interval  of  about  one  month.  At  any  time  during  the 
whole  course  of  the  experiment  the  sum  total  of  the  heating  effect  of 
the  deemanated  radium  together  with  that  of  the  emanation  tube  was 
constant  and  equal  to  that  of  the  original  radium.  At  any  time  / 
after  reaching  its  maximum,  the  rate  of  heat  emission  Qi  of  the  emana- 
tion tube  was  given  by  QtlQ^  =  ^"^'  where  Q^  is  the  maximum  rate  and 
X  z=  .0077  when  an  hour  is  taken  as  the  unit  of  time.  The  rate  of  heat 
emission  Qt  of  the  radium  at  any  time  /  after  reaching  the  minimum  is 

*  Abstract  of  a  paper  presented  at  the  meeting  of  the  Physical  Society  held  on  De- 
cember 30,  1903. 
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given  by  Qt/Q^^  .25  -|-  .75(1  —  <r'"'^)  where  Q^  is  the  maximum 
rate  and  k  the  same  constant  as  before. 

The  variation  of  the  heating  effects  with  time,  expressed  by  the  above 
equations,  is  exactly  the  same  as  the  variation  of  the  radioactivity  of  the 
emanation  and  of  the  radium  from  which  it  has  been  separated,  measured 
by  the  a  rays. 

The  rapid  initial  changes  of  the  rate  of  heat  emission  of  radium  after 
removal  of  the  emanation  and  of  the  emanation  tube  after  the  introduc- 
tion of  the  emanation  were  determined  by  means  of  a  pair  of  differen- 
tial platinum  thermometers  wound  on  the  inside  surface  of  a  glass  tube. 
By  this  method,  observations  could  be  made  with  more  rapidity  and  cer- 
tainty than  by  the  air  calorimeter.  It  was  found  that  the  heating  effect 
of  radium  had  fallen  to  about  59%  of  its  original  value  10  minutes  after 
removal  of  the  emanation.  It  then  diminished  steadily  to  a  minimum 
of  25%  after  the  lapse  of  2  to  3  hours.  After  the  heating  effect  of  the 
emanation  tube  had  risen  to  a  maximum,  the  emanation  was  withdrawn 
and  the  diminution  with  time  of  the  heating  effect  determined.  There 
was  a  rapid  drop  during  the  first  10  minutes  to  about  45%  of  the  maxi- 
mum, then  a  slower  change,  and  finally  a  more  rapid  decrease  to  zero 
according  to  an  exponential  law,  falling  to  half-value  in  30  minutes. 

The  curves  showing  the  rise  of  the  heating  effect  of  the  emanation 
to  a  maximum,  and  of  the  diminution  of  the  heating  effect  of  the  emana- 
tion tube  to  zero  after  removal  of  the  emanation,  were  found  to  be  com- 
plementary to  one  another.  The  rapid  fall  and  rise  of  the  heating  effect 
of  the  deemanated  radium  and  of  the  emanation  tube  respectively  are 
connected  with  the  fall  and  rise  respectively  of  the  **  excited  activity  " 
produced  by  the  emanation.  It  was  suggested  that  the  name  emanation 
X  be  given  to  the  matter  which  causes  **  excited  activity  '*  on  bodies.  On 
this  view,  the  radium  changes  into  the  emanation  and  the  emanation  into 
emanation  X.  There  are  three  further  changes  in  the  matter  called  emana- 
tion X.  In  the  first  change  half  the  matter  is  transformed  in  3  minutes, 
in  the  second  change  half  in  34  minutes,  in  the  third  change  half  in  28 
minutes.  On  account  of  the  first  rapid  initial  change  in  emanation  X, 
it  has  not  yet  been  found  possible  to  separate  the  heating  effect  of  the 
emanation  from  that  due  to  the  first  change. 

The  results  obtained  are  shown  in  the  following  table. 
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The  results,  as  a  whole  show,  that  the  heat  emission  of  radium  is  an  ac- 
companiment of  the  expulsion  of  a  particles  and  that  the  time-variation 
of  the  heating  effect  of  each  of  the  different  active  products  is  the  same 
as  the  time-variation  of  the  activity  measured  by  the  a  rays.  The  heat 
emission  of  radium  is  probably  due  in  part  to  the  kinetic  energy  of  the 
expelled  a  particles  and  in  part  to  the  energy  released  consequent  upon 
the  rearrangement  of  the  components  of  the  systems  left  behind  after  the 
expulsion  of  the  a  particle. 

It  was  deduced  that  the  emanation,  released  from  i  gram  of  radium, 
gave  out  an  amount  of  heat  during  its  life  corresponding  to  about  10,000 
gram  calories.  It  has  been  shown  (Rutherford,  Nature ^  Aug.  20,  1903) 
that  the  volume  of  the  emanation  released  from  i  gram  of  radium  prob- 
ably lies  between  6  x  io~*  c.c.  and  6  x  10"*  c.c.  at  standard  pressure 
and  temperature.  Assuming  the  density  of  the  emanation  to  be  about  100 
times  that  of  hydrogen,  1  gram  of  the  emanation  would  during  its  life 
radiate  an  amount  of  energy  lying  between  2  x  lo'  and  2  x  lo**  gram 
calories.  One-pound  weight  of  the  emanation  would  initially  radiate 
energy  at  the  rate  of  10*  to  10*  H.  P.  and  would  emit  during  its  life  an 
amount  of  energy  between  6  x  10*  and  6  x  10*  horsepower-days. 

There  can  thus  be  no  doubt  that  matter,  under  special  conditions,  is 
capable  of  emitting  an  amount  of  energy  enormous  compared  with  that 
released  in  the  most  intense  chemical  reactions.  On  the  disintegration 
hypothesis  (Rutherford  and  Soddy,  PhiL  Mag,,  May,  1903)  this  energy 
is  derived  from  the  energy  latent  in  the  radium  atoms  and  is  released 
during  the  successive  stages  of  their  disintegration. 

The  Phosphorescence  of  Organic  Substances  at  Lx)w 
Temperatures,  Preliminary  Note.^ 

By  Edward  L.  Nichols  and  Ernest  Merritt. 

THE  experiments  here  described  are  preliminary  to  a  more  extended 
study  of  phosphorescence  and  fluorescence  at  low  temperatures, 
which  will  be,  as  far  as  possible,  quantitative  in  character.  Before 
undertaking  quantitative  experiments  it  seemed  advisable,  however,  to 
test  a  large  number  of  substances  qualitatively,  so  as  to  determine  which 
are  best  suited  for  further  study. 

The  substances  thus  far  tested  are  chiefly  organic  compounds  of  defi- 
nite composition.  Although  a  few  had  already  been  tried  by  Dewar, 
most  of  the  substances  had  not  been  previously  tested.  Of  the  1 20  sub- 
stances tested  only  2 1  failed  to  show  either  phosphorescence  or  fluores- 
cence, or  both,  when  cooled  to  the  temperature  of  liquid  air. 

'  Abstract  of  apaper  presented  at  the  meeting  of  the  Physical  Society  held  on  De- 
cember 30,  1903. 
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The  method  of  testing  was  briefly  as  follows:  The  substance  was 
placed  in  a  glass  or  porcelain  dish  in  a  dark  room,  and  covered  with 
liquid  air,  which  was  poured  directly  upon  it.  It  was  then  illuminated 
by  the  light  from  a  spark  passing  between  magnesium  terminals.  Fluo- 
rescence, if  at  all  intense,  could  be  at  once  detected ;  while  phospho- 
rescence, if  present,  was  observed  after  the  spark  had  been  stopped.  By 
causing  the  light  to  pass  through  glass  before  reaching  the  specimen  it 
was  easy  to  determine  whether  the  effects  were  caused  by  the  ultra-violet 
or  the  visible  rays.  Each  substance  was  also  tested  at  ordinary  tempera- 
tures. In  the  case  of  about  one  hundred  substances  the  effect  of  X-rays 
was  also  tried,  both  at  ordinary  temperatures  and  when  the  substances 
were  cooled  by  liquid  air. 

Previous  experiments  have  shown  that,  as  regards  the  effect  of  low 
temperatures  on  phosphorescence,  bodies  may  be  divided  into  at  least 
three  classes  ( i )  substances  in  which  the  power  to  phosphoresce  is  in- 
creased by  cooling ;  (  2  )  substances  which  are  phosphorescent  at  ordinary 
temperatures,  but  which  have  this  power  diminished  or  destroyed  at  low 
temperatures;  (3)  bodies  whose  behavior,  as  regards  phosphorescence, 
is  apparently  unaffected  by  cold. 

We  have  found  many  examples  of  the  first  class  and  some  examples  of 
the  third ;  but  among  the  organic  substances  studied  no  example  of  the 
second  class  was  found.  Balmain's  paint  and  the  phosphorescent  sul- 
phides are  the  only  substances  tested  by  us  which  show  diminished  phos- 
phorescing power  when  cooled. 

The  effect  of  cold  is  manifested  in  a  great  variety  of  ways.  Certain 
substances  which  show  no  luminescence  at  ordinary  temperatures  remain 
unaltered.  Others,  which  are  phosphorescent  at  ordinary  temperatures, 
become  more  intensly  so  when  cooled  in  liquid  air.  Phthalic  acid  and 
isophthalic  acid  are  good  illustrations  of  this  class.  Other  substances, 
which  are  not  luminescent  at  ordinary  temperatures,  become  brilliantly 
so  when  cooled.  Anthraquinone,  ethyl  carbamate,  palmitic  acid,  and 
cetyl  alcohol  show^  intense  phosphorescence  at  low  temperatures,  but 
none  at  all  at  i8**C.  Certain  substances,  such  as  oxalic  acid  and  piper- 
ine,  develope  the  power  of  fluorescing  at  low  temperatures.  And, 
finally,  there  are  many  substances  which  become  both  phosphorescent 
and  fluorescent  when  cooled  in  liquid  air.  Tetra-chlor-phthalic  acid  is  a 
good  example.  This  substance  is  also  remarkable  for  the  brilliant  fluo- 
rescence produced,  at  low  temperatures  only,  by  the  X-rays. 

The  X-rays  seem  much  less  effective  in  producing  luminescence  at  low 
temperatures  than  light.  In  the  case  of  tetra-chlor-phthalic  acid  the 
fluorescence  is  as  brilliant  as  that  of  an  ordinary  X-ray  screen.  In 
several  other  cases  also  fairly  intense  phosphorescence  or  fluorescence  is 
produced.  But  the  greater  number  of  the  substances  tested  failed  to 
respond. 
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.5246,  wave-length  .494,  and  wave-length  .465  gave  curves  identical  as 
regards  the  position  of  the  maximum,  which  in  all  cases  was  located  at 
wave-length  .517/1.  The  shape  of  these  curves  is  such  as  to  indicate 
complete  independence  between  the  character  of  the  exciting  source  and 
that  of  the  fluorescence  produced. 


Electrical  Conductivity  of  Liquid  Films.* 
By  L.  J.  Briggs  and  J.  W.  McLane. 

REINOLD  and  RUcker'  have  found  that  the  specific  conductivity  of 
a  hard  soap  film  increases  as  the  thickness  of  the  film  decreases. 
In  the  case  of  Plateau's  solution  (^liquide  glyceriqui)  no  change  in  the 
specific  conductivity  of  the  film  was  observed  down  to  a  thickness  of 
374 /i/i.  These  conclusions  are  based  upon  the  measurement  of  the 
thickness  of  the  film  by  an  optical  method,  which  involves  the  assump- 
tion that  the  index  of  refraction  of  the  film  is  the  same  as  that  of  the  so- 
lution in  mass. 

The  writers  have  recently  made  some  preliminary  measurements  of  the 
specific  electrical  conductivity  of  films  of  Plateau's  solution  by  another 
method,  in  which  the  thickness  of  the  film  is  calculated  from  the  surface 
area  and  weight  of  the  film. 

The  measurements  were  made  on  a  cylindrical  film  supported  horizon- 
tally on  two  parallel  platinum  rings.  The  rings  were  soldered  to  two 
parallel  vertical  copper  wires,  which  were  held  in  a  small  ebonite  frame. 
The  film  was  enclosed  during  the  measurements  in  a  double-walled  ves- 
sel, the  walls  of  the  inner  vessel  being  kept  moistened  with  the  soap  so- 
lution. The  upper  part  of  the  frame  passed  through  a  slit  in  the  cover 
of  the  vessel,  and  could  be  attached  to  the  balance  or  to  the  bridge  as 
desired. 

Preliminary  measurements  by  this  method  show  that  the  specific  elec- 
trical conductivity  of  a  film  approximately  \  y.  \ii  thickness  is  less  than 
one  third  that  of  the  solution  in  mass.     The  method  involves  the  assump- 
tion that  the  density  of  the  film  is  the  same  as  that  of  the  liquid  in  mass. 
'     Bureau  of  Soils,  Washington,  D.  C, 
December  24,  1903. 

1  Abstract  of  a  paper  presented  at  the  meeting  of  the  Physical  Society  held  on  Decem- 
ber 30,  1903. 

«  Phil.  Trans.,  1883,  part  2,  p.  645  ;  1893A,  p.  505. 
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The  Spectrum  of  the  Electrodeless  Discharge  in  Nitrogen.* 

By  Percival  Lewis. 

SOME  general  observations  of  the  spectrum  of  the  electrodeless  dis- 
charge in  various  gases,  and  in  gaseous  mixtures  showing  an  after- 
glow, have  been  made  by  J.  J.  Thomson'  and  by  Newall,'  but  no 
systematic  work  seems  to  have  been  done  on  such  spectra.  The  fact 
that  in  the  ring  discharge  there  is  no  passage  of  electricity  between  elec- 
trodes and  the  gas,  no  finite  discontinuities  nor  even  a  potential  gra- 
dient in  the  path  of  the  current,  and  that  the  pressure  in  the  gas  is  much 
less  than  that  ordinarily  employed  in  vacuum  tubes,  render  it  possible 
that  some  characteristic  peculiarities  may  be  observed  in  such  spectra. 

Nitrogen  is  a  particularly  interesting  subject  to  study  in  this  con- 
nection, as  it  has  such  a  multiplicity  of  spectra,  and  several  groups  of 
bands  which  behave  quite  differently  under  given  conditions.  As  it  is 
often  assumed  that  the  negative-pole  spectrum  is  due  to  cathode  rays,  it 
is  also  of  interest  to  see  whether  the  negative-pole  bands  appear  in  the 
spectrum  of  a  discharge  where  there  is  no  cathode. 

The  writer  has  recently  obtained  some  preliminary  results.  The  nitro- 
gen was  prepared  by  heating  a  solution  of  sodium  nitrite  and  ammonium 
sulphate,  mixed  in  molecular  proportions.  It  was  freed  from  traces  of 
oxygen  by  bubbling  through  an  alkaline  solution  of  pyrogallic  acid,  and 
from  carbon  dioxide  and  water  vapor  by  passing  it  through  a  concen- 
trated solution  of  caustic  potash  and  drying  tubes. 

The  discharge  tube  was  a  spherical  glass  bulb,  provided  with  a  quartz 
window.  Around  it  was  a  pasteboard  cylinder  on  which  were  v^ound 
eight  turns  of  heavy  wire  in  circuit  with  a  spark  gap  and  condenser. 
The  pasteboard  cylinder  was  moistened  to  screen  the  tube  from  electro- 
static effects,  and  the  helix  usually  connected  to  earth.  The  ring  was  al- 
ways very  clearly  defined,  indicating  that  the  electrostatic  effects  were  at 
least  very  small. 

At  first  the  discharge  was  a  coppery  pink,  characteristic  of  pure  nitro- 
gen. After  a  time  it  turned  white,  as  likewise  observed  by  J.  J.  Thom- 
son, but  the  spectroscope  showed  without  a  doubt  that  the  whiteness  was 
due  to  mercury  vapor  from  the  pump,  not  to  nitrogen,  nor  even  to  car- 
bon compounds,  the  spectrum  of  which  was  vanishingly  weak.  Photo- 
graphs were  taken  with  a  small  quartz  spectrograph,  giving  spectra  of 
about  4  inches  in  length  from  X  5,800  to  X  2,100. 

» Abstract  of  a  papier  presented  to  the  Physical  Society  on  December  30,  1903. 

> Thomson,  Phil.  Mag.,  32,  1892. 

»Newall,  Proc.  Camb.  Soc.,  9,  p.  295,  1897. 
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Deslandres  *  showed  that  in  the  spectrum  of  the  positive  column  in 
nitrogen  there  are  three  distinct  groups  of  bands,  which  are  differently 
affected  by  physical  conditions.  The  first  group  comprises  most  of  the 
visible  spectrum,  and  is  attributed  by  Deslandes  to  pure  nitrogen.  The 
second  begins  in  the  violet  and  extends  to  about  I  2,800,  and  is  supposed 
by  him  to  be  due  to  nitrogen  and  hydrogen.  The  third  begins  at  about 
I  3,000  and  extends  to  A  2,100.  This  group  he  considers  dependent  on 
the  presence  of  traces  of  oxygen,  as  metallic  sodium  heated  in  the  tube 
will  eliminate  it. 

In  the  photographed  spectrum  of  the  ring  discharge  the  third  group  is 
either  entirely  lacking,  or  with  the  longest  exposures  only  faint  traces  of 
the  strongest  bands  are  visible.  The  second  group  of  bands  is  strong. 
The  first  group  is  fairly  strong.  The  difference  between  this  spectrum 
and  that  of  the  simple  induction  discharge  between  electrodes  is  clearly 
shown  by  comparison  with  a  plate  showing  the  latter. 

It  is  perhaps  even  more  interesting  to  note  that  the  negative  bands  also 
appear  on  all  the  plates,  although  weak  in  comparison  with  the  positive 
bands.  The  only  apparent  way  to  reconcile  this  with  the  view  that  the 
negative  bands  are  due  solely  to  cathode  rays  seems  to  be  to  assume  that 
there  are  electrostatic  discharges  from  the  glass  walls,  which  thus  act  as 
electrodes.  Some  believe  that  the  spectrum  at  the  negative  pole  is  due 
to  the  higher  temperature  at  the  cathode.  It  is  very  easy,  however,  to 
evoke  the  negative  glow  by  merely  placing  the  finger  on  the  bulb,  and 
no  very  high  temperature  seems  possible  with  such  a  discharge.  Whether 
or  not  the  negative  pole  spectrum  is  due  to  cathode  rays,  it  seems  cer- 
tain that  it  is  not  due  to  any  temperature  differences. 

The  stronger  mercury  lines,  as  well  as  some  other  lines  not  yet  identi- 
fied, appear  on  all  the  plates,  as  well  as  the  strongest  bands  due  to  water 
vapor. 


The  Specirum  of  the  Afterglow  of  the  Spark  Discharge 
IN  Nitrogen  at  Low  Pressures.^ 

By  Percival  Lewis. 

THE  afterglow  or  phosphorescence  often  observed  in  vacuum  tubes 
under  certain  conditions  has  been  studied  by  many  investigators.' 
In  most  of  these  cases,  except  that  where  pure  oxygen  is  used  (J.  J.  Thom- 
son and  Newall)  the  phosphorescence  was  observed  in  gaseous  mixtures, 

1  Deslandres,  Ann.  Chim.  Phys.  (6)  15,  p.  46,  1888. 

'Abstract  of  a  paper  presented  to  the  Physical  Society  on  December  30,  1903. 
*See  Kayser,  Lehrbuch  der  Spectroscopic,  Vol.  i,  p.  249  ;  Newall,  Proc.  Camb.  Soc., 
9,  p.  295,  1897. 
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it  was  produced  by  the  simple  induction  or  electrodeless  discharge,  and 
the  spectrum  was  continuous  —  except  possibly  in  one  case  where  Thom- 
son observed  lines  or  bands  with  the  ring  discharge  where  nitrogen  was 
used,  and  in  the  case  of  the  afterglow  arising  from  change  of  pressure  in 
oxygen  (Newall). 

In  1899  the  writer  observed  an  afterglow  which  seemed  different  from 
those  previously  observed,  both  in  origin  and  spectrum.'  It  was  pro- 
duced in  nitrogen  as  pure  as  could  be  readily  obtained,  not  in  mixtures ; 
it  was  produced  only  by  a  powerful  discharge  with  spark  gap  and  con- 
denser, not  at  all  by  the  simple  induction  or  ring  discharge ;  its  visible  spec- 
trum was  not  continuous,  but  consisted  of  narrow  bands  or  diffuse  lines. 
The  wave-lengths  of  these  lines  were  difficult  to  determine  accurately, 
but  were  about  I  6240,  5780,  5740  and  5410.  The  afterglow  consisted 
of  a  rich  chamois  yellow  fog,  extending  several  inches  into  the  connect- 
ing tubes.  It  persisted  for  several  seconds  after  the  discharge  had  ceased. 
It  quivered  and  pulsated,  and  when  fresh  nitrogen  was  admitted  the  glow 
was  driven  as  a  luminous  cloud  before  it,  as  in  a  similar  case  observed  by 
Warburg.*  It  occurred  through  a  wide  range  of  pressures,  ranging  from 
a  few  millimeters  to  as  high  a  pressure  as  would  permit  the  passage  of 
the  discharge.  The  smallest  perceptible  traces  of  oxygen,  hydrogen,  car- 
bon dioxide  or  water  vapor  completely  destroyed  it.  If  the  nitrogen 
were  previously  passed  over  heated  metallic  sodium  it  did  not  appear. 
It  seems  possible  that  infinitesimal  traces  of  oxygen  may  be  necessary  for 
its  existence,  while  perceptible  traces  destroy  it. 

Recently  the  writer  has  discovered  additional  facts  of  some  interest 
concerning  this  afterglow  by  photographing  its  spectrum  with  a  quartz 
spectrograph. 

The  gas  was  prepared  by  heating  a  solution  of  sodium  nitrite  and  am- 
monium sulphate,  freed  from  traces  of  oxygen  by  passing  through  an 
alkaline  solution  of  pyrogallic  acid  and  dried  by  passing  through  a  train 
of  drying  tubes. 

As  the  phosphorescent  glow  extended  some  distance  from  the  elec- 
trodes, it  was  possible  to  employ  a  device  by  which  exposures  could  be 
made  continuously  while  the  discharge  passed.  A  bent  tube  with  a 
quartz  window  gave  an  end-on  view  of  the  afterglow,  while  the  direct 
discharge  was  screened. 

With  aluminum  electrodes  the  spectrum  was  found  to  be  as  follows  : 
(i)  The  four  lines  in  the  visible  spectrum  previously  noted,  all  strong 
and  broad,  not  as  yet  identified  ;  (2)  the  stronger  heads  of  the  positive 
bands  of  Deslandres*  second  and  third  group  ;  (3)  the  stronger  mercury 

>  Lewis,  Ann.  der  Physik,  2,  p.  459,  1900;  also  Astrophys.  Jl.,  1900. 
*  Warburg,  Arch,  des  Sc.  Phys.  et.  Nat.,  12,  p.  504,  1884. 
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lines;  (4)  four  pairs  of  the  strongest  ultra-violet  aluminum  lines;  (5) 
a  number  of  unidentified  lines. 

On  substituting  platinum  electrodes  for  the  aluminum,  the  afterglow 
was  unchanged  in  general  appearance,  and  the  visible  spectrum  and  mer- 
cury lines  remained  the  same.  The  aluminum  lines  were  of  course  ab- 
sent, while  some  new  lines  appeared  —  apparently  not  platinum.  There 
were  also  some  strong  new  bands  in  the  ultra-violet,  with  heads  toward 
the  shorter  wave-lengths,  which  have  not  yet  been  identified.  The  bands 
of  the  third  group  were  as  strong  as  when  aluminum  electrodes  were 
used.    Those  of  the  first  group  were  very  weak. 

The  same  spectrum  was  observed  with  iron  electrodes,  except  that  the 
second  group  of  bands  were  a  little  stronger  and  some  lines  were  absent. 

We  have  in  this  afterglow  apparently  a  kind  of  luminosity  quite  differ- 
ent from  any  other  known  in  vacuum  tubes.  The  state  giving  rise  to  it 
is  due  to  the  previous,  not  the  coexistent  discharge,  and  is  far  out  of  its 
path.  The  luminosity  persists  for  many  seconds  after  the  exciting  dis- 
charge, and  gives  not  only  the  band  spectrum  of  the  gas,  but  the  line 
spectrum  of  metals  present  in  the  tube,  and  other  unknown  lines. 

The  body  of  gas  of  which  the  spectrum  was  observed  was  at  the  near- 
est point  about  15  mm.  from  the  direct  discharge  and  extended  some  four 
inches  from  it.  Aluminum  vapor  must  have  existed  in  all  this  region. 
The  phosphorescence  followed  the  first  discharge.  It  cannot,  of  course, 
be  said  with  certainty  that  aluminum  vapor  took  part  in  the  initial  phos- 
phorescence —  it  may  have  been  gradually  torn  off  and  diffused.  But 
the  remarkable  and  novel  fact  is  that  the  aluminum  vapor  will  radiate  it 
all  under  such  conditions.  The  aluminum  lines  are  relatively  the  strong- 
est in  the  spectrum  of  the  afterglow  ;  they  are  relatively  very  weak  or  ab- 
sent in  the  spectrum  of  the  direct  discharge  near  the  electrodes,  where 
they  might  be  expected  to  be  strongest,  if  they  occur  at  all. 

The  sensitiveness  of  this  afterglow  to  impurities  was  strikingly  shown 
by  an  accident.  After  putting  platinum  electrodes  in  the  tube,  attempts 
to  secure  the  afterglow  failed  for  several  hours.  It  was  finally  discovered 
that  there  was  a  very  slow  leak  due  to  a  small  crack  near  one  electrode. 
The  leakage  was  so  slow  that  it  made  no  perceptible  difference  in  the  5- 
mm.  pressure  after  more  than  an  hour.  On  covering  the  crack  with 
shellac  the  glow  appeared  immediately  after  introducing  fresh  nitrogen. 

J.  J.  Thomson  has  advanced  the  hypothesis  that  afterglow  effects  are 
due  either  to  chemical  actions  in  a  mixture,  or  to  polymeric  changes  in  a 
pure  gas.  If  this  be  the  explanation  —  and  it  seems  a  reasonable  one  — 
how  can  a  chemically  neutral  gas  excite  luminosity  in  any  metallic  vapor 
which  may  be  present,  such  as  mercury  and  aluminum  ? 

Some  light  may  be  thrown  on  this  question  by  further  investigations. 
Other  questions  which  the  writer  proposes  to  attack  are :  Is  the  phos- 
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phorescence  possible  in  absolutely  pure  nitrogen,  or  is  the  presence  of  any 
foreign  substance  necessary  ?  If  so,  what  foreign  substance  ?  How  ac- 
tive a  part  do  the  metallic  vapors  play  ?  What  is  the  electrical  condition 
of  the  phosphorescing  gas?  Do  similar  afterglows  occur  in  other  gases? 
Mr.  P.  E.  Rowell  rendered  efficient  assistance  in  this  investigation. 
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THE   EFFECT   OF   THE   INTENSITY  UPON   THE 
VELOCITY  OF   LIGHT. 

By  Tkomas  E.  Doubt. 

ANY  measurement  giving  information  upon  that  very  important 
physical  magnitude,  the  velocity  of  light,  will  aid  the  prog- 
ress of  physics.  The  relation  between  the  intensity  of  light  and 
its  velocity  of  propagation  is  one  of  fundamental  importance. 

The  most  searching  examination  that  has  been  made  thus  far  into 
the  effect  of  the  intensity  upon  the  velocity  of  light  was  that  by 
Ebert.' 

He  tested  for  the  effect  of  the  intensity  upon  the  velocity  of 
light  to  one  part  in  860,000,  where  the  intensity  was  varied  in  the 
ratio  of  one  to  twenty.  Thallium  light  was  employed  as  a  source. 
In  another  experiment  with  light  from  a  mercury  spark  (Hg  a)  the 
effect  was  tested  for  to  one  part  in  840,000,  where  the  intensity  was 
varied  in  the  ratio  of  one  to  two  hundred  fifty.  He  used  many 
other  sources  of  monochromatic  light  but  in  no  case  was  the  test 
carried  to  anything  like  the  same  degree  of  accuracy.  His  con- 
clusion was  "  That  the  wave-length  and  therefore  the  velocity  of 
propagation  of  light  is  to  nearly  a  millionth  part  independent  of  its 
intensity  when  this  is  varied  in  the  ratio  of  one  to  two  hundred  fifty.'* 

The  work  of  Ebert  greatly  exceeds  in  accuracy  that  of  Lippich^ 
or  that  of  Mullen* 

» Wicd.  Ann.,  1887,  No.  32,  p.  336. 
2Wien.  Ber.,  1875,  272,  p.  355. 
»?ogg.  Ann.,  1872,  p.  145. 
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Professor  Michelson  suggested  that  the  effect  of  the  intensity 
upon  the  velocity  of  hght  could  be  tested  for  with  a  much  higher 

degree  of  accuracy  by  the  aid  of  a 
form  of  interferometer  such  as  was 
used  in  measuring  the  effect  of  the 
motion  of  the  medium  upon  the 
velocity  of  light* 

Description  of  Apparatus. 
The  form  of  apparatus  used  in 
this  research  is  very  similar  to 
that  used  by  Michelson  and  Mor- 
ley  in  their  investigation  of  the 
motion  of  the  medium  upon  the 
velocity  of  light.  Light  from  a 
source  in  the  direction  A  (Fig.  i) 
meets  the  half-silvered  surface  B 
where  it  is  separated  into  two  por- 
tions. One  part  travels  by  the 
path  CDEFGHJKLMB  and  the 
other  by  the  path  MLKJHG- 
FEDCB,  At  the  dividing  glass 
B  the  two  portions  are  reunited 
and  are  observed  from  the  direc- 
tion N  by  the  eye  or  telescope. 
The  reflecting  surfaces  C  and  M 
are  plane  glass  silvered  upon  their 
front  faces.  GH  is  a  large  rectan- 
gular prism.  EF  and  KL  are  brass 
tubes  about  4.5  cm.  in  diameter 
with  their  ends  closed  with  plane 
parallel  glass  plates.  DL  is  a  large 
plane  parallel  plate  of  glass  sil- 
vered upon  one  surface  in  strips. 
One  strip  above  is  silvered  so  as 
to  allow  only  one  beam  to  pass  through  unhindered  and  similarly 
a  strip  below  is  silvered  so  as  to  allow  the  other  beam  free  passage. 

>  Am.  Jour.  Sc.  (3),  Vol.  XXXI.,  1886. 
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This  silvered  surface  is  used  for  reducing  the  intensity  of  one  beam  be- 
fore it  passes  through  the  apparatus  while  the  beam  passing  in  the 
opposite  direction  is  not  reduced  until  it  passes  over  the  very  large 
optical  path.  Numerous  smaller  plane  parallel  plates  of  glass  sil- 
vered in  strips  were  also  introduced,  usually  only  in  one  path  at  a 
time.  Since  the  paths  are  identical  it  can  make  no  difference  with 
the  center  of  the  central  fringe  whether  the  plates  are  introduced  at 
D  or  at  L.  In  general,  the  introduction  of  a  glass  plate  into  the 
path  of  either  beam  will  produce  a  change  in  the  width  of  the 
fringes  or  a  rotation  of  the  fringes  about  some  central  point  or  both 
change  and  rotation. 

The  advantages  of  this  arrangement  are  very  marked.  The  ap- 
paratus permits  the  use  of  an  extended  source  of  light  such  as  a 
gas  flame,  an  arc  light  or  sun  light.  Again  it  allows  of  a  very 
large  path  over  which  the  beams  pass  in  different  conditions  and 
are  then  brought  to  the  separating  glass  where  they  are  made  to 
interfere.  One  beam  travels  over  a  very  large  path  with  small 
intensity  while  the  other  travels  over  the  same  path  with  great 
intensity. 

Adjustments  and  Observations. 

The  source  of  light  was  adjusted  so  as  to  give  a  beam  meeting 
the  dividing  surface  at  an  angle  of  45*^.  All  the  surfaces  were  made 
approximately  vertical.  The  rectangular  prism  was  placed  at  a 
sufficient  distance  from  the  dividing  surface  upon  a  leveling  table. 
The  mirrors  and  prisms  were  respectively  supported  by  brick  f>iers. 
The  mirrors  at  Cand  M  were  adjusted  so  as  to  give  sharp  ver- 
tical fringes.  The  plate  DL  was  then  placed  in  the  path  of  the 
beam  and  both  beams  were  allowed  to  pass  through  the  clear  por- 
tion and  the  plate  was  adjusted  until  the  fringes  were  again  vertical 
and  sharp.  The  position  of  the  central  fringe  was  noted  and  the 
plate  moved  carefully  so  as  to  cause  a  silver  strip  to  intercept  one 
path.     The  position  of  the  central  fringe  was  noted. 

This  procedure  was  carried  out  first  with  air  between  the  rect- 
angular prism  and  the  mirrors,  the  distance  between  them  being 
about  220  cm.  For  very  dense  silver  films  the  selective  absorp- 
tion was  noticeable  but  with  films  of  medium  density  the  effect 
was  much  the  same  as  if  a  light  cloud  had  come  over  the  sun,  the 
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intensity  only  being  cut  down  and  the  colors  changed  but  little.  This 
effect  of  selective  absorption  is  more  noticeable  when  determining 
the  amount  of  transmitted  light  by  means  of  the  photometer.  The 
total  optical  path  over  which  the  two  beams  pass  in  different  con- 
ditions is  460  cm.  This  was  calculated  by  taking  into  account  the 
distance  in  glass  and  its  refractive  index  as  well  as  the  distance  in 
air.  If  the  mean  wave-length  is  taken  as  .000057  cm.  the  optical 
path  is  over  eight  million  wave-lengths.  If  it  is  assumed  that  a 
shifting  of  one  thirtieth  of  the  width  of  a  fringe  may  be  readily  de- 
tected then  a  change  in  velocity  of  one  in  240  million  could  be 
detected  or  a  change  of  240  cm.  per  sec. 

In  estimating  the  sensitiveness  of  the  method  a  series  of  settings 
of  the  eye-piece  micrometer  of  the  observing  telescope  was  made 

on  the  dark  fringes  bordering  on 
the  central  fringe.  The  inter- 
section of  the  diagonal  cross 
wires  (Fig.  2)  was  used  to  deter- 
mine the  location  of  the  fringes. 
This  figure  represents  the  field  of 
view  of  the  telescope  with  two 
vertical  wires  attached  to  the  mi- 
crometer removed  so  as  to  rep- 
resent the  fringes  more  clearly.  The  fringes  were  usually  so  ad- 
justed that  there  were  seven  in  the  field  of  view. 

The  following  results  were  obtained  with  white  light : 
Reading  of  micrometer  head  with  three  turns  between  each  set- 
ting increasing  from  left  to  right. 


Fig.  2. 
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The  sum  of  the  differences  is  589.52.  The  mean  error  of  one 
observation  is  9.81  or  2.5  per  cent.  The  probable  error  of  the  re- 
sult is  1. 1 8  or  .29  per  cent.  One  would  seem  justified  in  conclud- 
ing from  the  above  results  that  if  a  shifting  of  a  hundredth  of  the 
width  of  a  fringe  took  place  it  could  be  detected.  In  what  follows 
I  have  assumed  that  a  shifting  of  one  thirtieth  of  a  fringe  could  be 
detected  with  certainty. 

A  large  number  of  silver  films  Were  used  of  increasing  opacity 
until  one  was  found  through  which  the  light  could  barely  produce 
visible  interference  fringes.  The  amount  of  light  transmitted  by  the 
silver  film  was  measured  by  Glan's  Photometer.  The  film  allowed 
one  part  in  290,000  to  pass  through.  Thus  one  beam  travels  over 
a  path  of  460  cm.  with  an  intensity  only  one  part  in  290,000  of  that 
of  the  other  beam  and  if  a  change  in  velocity  of  1 24  cm.  per  sec. 
occurred  it  could  be  detected.  No  shifting  of  the  central  fringe  was 
observed. 

The  tubes  were  now  introduced  and  the  experiment  repeated. 
The  tubes  contained  air.  No  new  facts  develop.  The  fringes  were 
somewhat  steadier  with  the  tubes  in  the  path  than  without  them. 
When  the  tubes  are  filled  with  distilled  water  the  optical  path  is 
greater  than  with  air.  The  tubes  in  one  case  were  each  200  cm. 
in  length.  The  optical  path  amounted  to  593.4  cm.  or  10,400,000 
wave-lengths  in  air.  If  a  change  in  intensity  produced  a  change  in 
velocity  of  100  cm.  per  sec.  it  could  be  detected. 

The  results  of  the  two  sets  of  experiments  may  be  tabulated  in 
the  following  manner : 


Ratio  of  Intenaitiea. 

Length  of  Optical 

Path. 

Change  of  Velocity  that 
Might  be  Detected. 

Air                           1:290000     i 
Air                          1:290000     , 
Water                     1:250000 
Water                      1:43000 
Carbon  disulphide  1:43000 

460  cm. 
1000    " 

593    " 
1289   •• 

707   '• 

124  cm.  per  sec. 
57    *<     **     ** 

100    "     '*     ** 
42    •*     *•     •* 
80    **     **     ** 

The  experiment  was  tried  by  adjusting  the  fringes  so  that  they 
made  an  angle  with  the  vertical.  The  silver  film  was  inserted  and 
the  position  of  the  central  fringe  was  noted.  No  displacement  was 
noted  at  angles  of  about  45°  or  135°  or  when  the  fringes  were 
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horizontal.     Hence  it  may  be  concluded  that  change  of  azimuth 
has  no  effect. 

These  experimental  results  for  light  traveling  in  air  justify  the 
conclusion  that  a  change  in  intensity  of  one  in  290,000  does  not 
change  its  velocity  by  57  cm.  per  sec.  In  the  case  of  water  a 
change  in  intensity  of  one  in  43,000  does  not  produce  a  change  of 
42  cm.  per  sec.  In  the  case  of  carbon  disulphide  the  same  change 
in  intensity  does  not  produce  a  change  in  velocity  of  80  cm.  per 
sec.  It  seems  very  probable  from  the  settings  taken  with  the  eye- 
piece micrometer  that  a  shifting  of  one  fiftieth  of  the  width  of  a  fringe 
could  be  detected.  Hence  a  change  in  intensity  from  i  to  40,000 
in  water  does  not  affect  the  velocity  to  one  part  in  1000  million. 

Grateful  acknowledgments  are  due  Professor  Michelson  for  his 
helpful  suggestions.     Much  assistance  has  been  received  from  Dr. 
Mann  and  the  staff  of  Ryerson  Physical  Laborator>^ 
University  of  Chicago, 
May  4,  1903. 
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ON   THE    NATURE  OF  CERTAIN   RADIATIONS  FROM 
THE   SULPHATE   OF   QUININE. 

By  Fanny  Cook  Gates. 

TN  studying  the  properties  of  certain  substances  known  to  become 
-■-  phosphorescent  by  a  change  in  temperature,  G.  Le  Bon  found 
that  when  the  sulphate  of  quinine  is  either  heated  or  cooled  through 
a  high  range  of  temperature,  it  becomes  temporarily  phosphorescent 
and  possesses  the  power  of  discharging  the  leaves  of  an  electroscope. 
He  believed  this  effect  to  be  due  to  chemical  reaction,  dehydration 
taking  place  when  the  quinine  is  heated  above  i(X)°  C.  and  hydra- 
tion upon  cooling  it  again,  and  from  this  he  argued  that  the  radia- 
tions from  radium  and  the  other  active  minerals  may  be  due  to 
slight  internal  temperature  changes  and  entirely  explained  by 
chemical  reactions. 

The  ionization  of  the  gas  is  the  accompaniment  of  so  many  phe- 
nomena of  totally  different  origin  and  character  that  before  such  a 
theory  as  M.  Le  Bon  advances  can  be  tenable  to  any  degree,  it 
must  be  proved  that  the  radiations  he  describes  possess  other 
properties  characteristic  of  those  from  the  naturally  radio-active  sub- 
stances, in  addition  to  the  property  of  causing  the  surrounding  air 
to  become  a  conductor  of  electricity.  The  experiments  described 
in  the  following  pages  were  undertaken  for  the  purpose  of  determin- 
ing the  exact  nature  of  the  radiations  emitted  by  the  quinine  sul- 
phate under  the  conditions  named,  and  of  ascertaining  to  what  extent 
they  are  similar  to  those  given  off  from  the  radio-active  substances. 

The  first  tests  were  made  with  one  gram  of  quinine  sifted  uni- 
formly over  a  metal  plate  20  cm.  square.  This  was  heated  over  a 
spirit  lamp  and  then  allowed  to  cool  to  the  temperature  of  the 
room  between  parallel  metal  plates  within  a  closed  vessel.  The 
plates  were  about  5  cm.  apart  and  insulated.  The  lower  one  on 
which  the  quinine  rested  was  joined  to  one  terminal  of  a  storage 
battery  of  300  volts  and  the  upper  one  to  the  electrometer,  other 
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connections  being  made  in  the  usual  manner.  The  strength  of  the 
current  passing  between  the  plates  as  indicated  by  the  deflection  of 
the  electrometer  was  used  as  a  measure  of  the  rate  of  radiation 
from  the  quinine. 

With  the  apparatus  arranged  as  above  described,  it  was  found 
that  after  removing  the  quinine  from  the  source  of  heat  no  deflec- 
tion of  the  electrometer  was  at  first  produced,  but  that  after  about 
two  minutes  a  slight  current  was  noticed  which  increased  slowly  at 
first  and  then  rose  suddenly  to  a  maximum  at  the  end  of  about  five 
minutes.  It  then  rapidly  decreased  and  the  effect  apparently  ceased 
altogether  after  fifteen   minutes.     This  variation   of  the  radiation 
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with  time  is  shown  in  Fig.  I.  On  account  of  the  rapid  rate  of 
change  in  current  while  passing  through  its  maximum  value,  it  was 
impossible  to  make  accurate  determinations  near  that  point  and  the 
curve  gives  its  value  only  approximately. 

Upon  reheating  the  same  quinine  and  observing  under  apparently 
similar  conditions,  it  was  found  that  although  curves  of  the  same 
general  type  were  obtained,  the  total  radiation  produced  during 
successive  tests  varied  greatly.  This  seemed  to  indicate  either  that 
repeated  heatings  of  the  quinine  changed  its  power  to  emit  rays  or 
that  slight  differences  in  the  temperature  to  which  it  was  heated 
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produced  comparatively  large  changes  in  the  resulting  radiation. 
For  this  reason  the  spirit  lamp  was  discarded  and  the  quinine  was 
heated  to  a  definite  temperature  in  a  hot  air  bath.  When  allowed 
to  cool  from  this  temperature  successive  tests  of  the  same  substance 
gave  curves  of  the  same  magnitude  showing  that  the  treatment  had 
caused  no  inherent  change  in  the  quinine  and  that  a  slight  variation 
in  the  temperature  range  produced  a  definite  change  in  the  resulting 
radiation. 

Range  and  Rate  of  Cooling. 

By  the  range  of  cooling,  is  meant  the  total  number  of  degrees 
through  which  the  quinine  is  cooled  during  a  single  test.  The  rate 
of  cooling  is  the  fall  in  temperature  per  second.  • 

As  has  been  stated,  the  ionization  of  the  surrounding  air  is  pro- 
duced during  the  process  of  heating  as  well  as  that  of  cooling  the 
quinine,  but  the  experimental  difficulties  in  obtaining  accurate  meas- 
urements of  the  radiation  were  so  much  greater  in  the  former 
process  than  in  the  latter,  that  we  have  here  confined  our  attention 
to  the  results  obtained  during  cooling. 

Two  series  of  tests  were  made  in  which  the  temperature  range 
was  made  to  vary.  In  the  first  set  the  upper  temperature  was 
changed  for  each  test  while  the  lower  one  was  kept  always  the  same. 
In  the  second  set  the  upper  temperature  was  kept  constant,  and  the 
effect  noted  by  cooling  the  quinine  from  this  temperature  to  differ- 
ent lower  ones.  This  was  accomplished  by  placing  the  parallel 
plates,  between  which  the  ionization  took  place,  inside  an  air-bath 
the  temperature  of  which  could  be  regulated.  These  observations 
made  it  possible  not  only  to  test  the  effect  of  increasing  the  range 
and  the  rate  of  cooling,  but  to  compare  the  effects  produced  by 
equal  falls  in  different  parts  of  the  scale,  and  thus  to  determine 
where  the  maximum  radiation  is  produced. 

From  the  first  set  of  observations,  about  180°  C.  was  found  to 
be  the  highest  temperature  to  which  the  quinine  could  be  heated 
without  permanent  chemical  change,  and  no  appreciable  radiation 
was  observed  unless  the  quinine  was  heated  above  70°  C.  A  com- 
parison of  the  currents  observed  at  the  end  of  four  different  tempera- 
ture ranges,   each  having  the  same  lower  limit  is  given  in  the 
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following  table.  The  current  is  here  measured  in  an  arbitrary  unit 
of  the  order  of  lO""  amperes  and  in  each  case  the  current  at  the 
end  of  five  minutes  after  heating  is  approximately  the  maximum 
current  for  that  test. 


Upper 
Temperature. 

1            Lower 
1     Temperature. 

Range. 

Current  After 
5  Minutes. 

Current  After 
zo  Minutes. 

180«>  C. 

18«>C. 

162° 

75 

20 

165 

18 

147 

50 

16 

100 

18 

^2 

20 

11 

75 

18 

1          57 

10 

7.5 

From  the  second  series  of  experiments  due  to  changing  the  lower 
temperature  of  each  cooling,  a  normal  fall  from  i8o°  C.  to  50°  C. 
was  found  to  produce  but  little  effect,  but  when  the  lower  limit  was 
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Fig.  2. 
r  40°  an  increase  in  the  range  produced  a  rapid  increase  in  the 
nt.  The  total  quantity  of  electricity  discharged  by  the  rays 
ver  did  not  increase  when  the  lower  temperature  was  below 
►r  20°.  Thereafter  an  increased  rate  of  radiation  due  to  an 
Lsed  rate  of  cooling  was  counterbalanced  by  a  decrease  in  the 


Digitized  by 


Google 


No.  3.]         RADIATIONS  FROM  SULPHATE   OF  QUININE, 


139 


time  during  which  the  radiation  continued.  The  curves  shown  in 
Rg.  2  illustrate  this.  When  cooled  to  0°,  the  maximum  current 
was  nearly  twice  as  great  as  when  cooled  to  20°,  but  the  effect 
lasted  only  half  as  long.  A  similar  but  more  marked  effect  was 
observed  when  the  testing  plates  were  placed  over  a  vessel  contain- 
ing liquid  air.  In  this  case  the  current  rose  almost  immediately  to 
a  high  maximum  value,  but  the  effect  apparently  ceased  within 
three  minutes.  Thus  it  would  seem  that  the  total  radiation  is  not 
increased  by  an  increase  in  range  when  the  lower  limit  is  below  20^, 
The  fact  that  an  increase  in  the  range  from  180°  to  a  point  below 
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Fig.  3. 

20°  increased  the  rate  of  radiation  at  the  expense  of  the  time  it 
continued  would  be  entirely  explained  by  the  increased  rate  of 
cooling,  providing  the  rate  of  radiation  is  solely  determined  by  the 
rate  of  cooling  during  a  given  change.  Direct  experiments  were 
therefore  made  in  which  the  cooling  was  hastened  by  blowing  dry 
dust-free  air  between  the  parallel  electrodes  as  soon  as  the  quinine 
was  in  place.  In  Fig.  3,  Curve  A  shows  the  rate  of  radiation  under 
normal  cooling,  while  B  is  the  curve  when  the  cooling  was  hastened 
in  the  manner  described,  the  range  being  the  same.  The  simi- 
larity of  the  latter  curve  with  that  in  Fig.  2  caused  by  the  i8o°-o° 
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range  is  striking  and  strongly  indicates  that  an  increase  in  the  rate  of 
cooling  increases  the  rate  of  radiation  but  does  not  change  the  total 
radiation  during  a  single  cooling. 

Consistent  with  these  results  were  those  obtained  by  using  very 
thin  layers  of  quinine.  One  fifth  of  a  gram  scattered  over  a  given 
area  was  found  to  give  as  large  a  maximum  current  as  that  derived 
from  one  gram  over  the  same  space,  but  the  radiation  continued  for 
a  correspondingly  shorter  -time.  This  is  entirely  explained  by  the 
more  rapid  cooling  of  the  thin  than  of  the  thick  layer.  When 
heated  on  a  thick  metal  plate  the  effect  was  less  than  when  a  thin 
plate  was  used,  presumably  because  it  retained  the  heat  and  retarded 
the  cooling.  Plates  of  different  metals  of  uniform  thickness  gave 
no  appreciable  difference  in  the  radiation.  Similar  but  more  marked 
results  were  obtained  by  saturating  the  air  of  the  testing  vessel  with 
water-vapor,  and  also  by  spraying  the  quinine  itself  with  water. 
In  both  cases  the  decay  of  the  radiation  was  hastened. 

The  above  results  were  all  obtained  with  an  air  space  between 
electrodes  of  about  two  inches  and  a  potential  difference  of  300 
volts.  By  attaching  the  upper  plate  to  an  insulated  screw  of 
known  pitch  it  was  possible  to  vary  the  distance  between  the  plates 
as  much  as  desired.  Before  this  question  of  the  absorption  in  air 
could  be  satisfactorily  investigated  it  was  necessary  to  determine 
the  effect  produced  by  increasing  the  P.D.  between  the  electrodes. 

Effect  of  Voltage.     Saturation  Curve. 
One  of  the  chief  characteristics  of  the  radiations  from  the  active 


VolUge. 

Current  After  xo  Minutes. 

Firet  Teet. 

Second. 

Third. 

Average. 

Ratio. 

900 

'         32.0 

33.5 

32.8 

32.8 

100 

600 

23.5 

23.9 

24.0 

23.8 

72 

300 

13.0      . 

13.7 

13.4 

13.4 

41 

VolUge. 

Current  After  5  Minutes. 

900 

1        21.5 

21.5., 

23.5 

22.2 

100 

600 

1        15.5 

15.7 

17.0 

16.1 

72 

300 

8.5 

9.2 

9.5 

9.1 

41 

elements  is  that  after  a  certain  strength  of  electric  field  is  attained 
a  further  increase  in  the  potential  difference  will  not  increase  the 
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ionization  current;  that  is,  a  saturation  current  is  obtained  which 
cannot  be  increased  with  voltage. 

The  effect  of  voltage  on  the  radiations  from  quinine  sulphate  was 
found  to  be  very  different,  as  will  be  seen  from  the  tabulated  re- 
sults obtained  from  three  coolings  of  the  same  quinine,  during 
which  the  potential  difference  was  each  time  varied.  These  results 
on  a  current  voltage  diagram  (Fig.  4)  give  no  indication  of  a  satura- 
tion value  to  the  current,  although  the  strength  of  the  field  is  about 
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twenty  times  as  great  as  that  sufficient  to  produce  saturation  for 
radium  radiations  under  similar  conditions. 

Observations  were  made  with  various  widths  of  air  space,  but 
although  the  plates  were  brought  to  within  2  mm.  of  each  other, 
no  indication  of  saturation  was  obtained  for  a  P.D.  as  great  as  900 
volts.  An  attempt  was  also  made  to  determine  whether  with  low 
voltages,  the  current  might  not  vary  as  the  square  of  the  P.D.  but 
no  definite  results  could  be  obtained.  With  150  and  50  volts 
respectively  the  values  found  for  the  current  when  expressed  in 
ratio  as  above  were  2 1  and  5  (see  Fig.  4). 

Absorption  by  Air  and  other  Substances. 
Since  no  saturation  current  could  be  obtained  it  was  impossible 
to  secure  a  value  of  the  coefficient  of  absorption  in  air,  but  by  vary- 
ing the  width  of  the  air  space  and  keeping  a  constant  potential 
difference  between  the  plates,  results  were  obtained  which  were  a 
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marked  contrast  to  those  produced  with  the  uranium^  thorium  and 
radium  radiations. 

As  has  already  been  stated  all  observable  effect  from  the  quinine 
ceased  within  fifteen  minutes  of  the  time  of  heating  when  the  distance 
between  the  plates  was  5  cm.  When  the  width  of  the  air  space  was 
reduced  to  one  half  of  this  value  the  value  of  the  maximum  current 
was  approximately  doubled,  and  the  electrometer  deflection  was 
easily  observed  for  thirty  or  forty  minut*  s.  When  the  electrodes 
were  only  3  mm.  apart  the  effect  was  clearly  observed  for  over  two 
hours.  The  actual  numerical  values  obtained  from  observations 
with  a  P.D.  of  900  volts  are  shown  in  the  following  table  : 


Distance  in  Centimeters  Current  After  zo  Minutes.        Current  After  so  Minutes. 

Between  Electrodes. 


5.0  1.6  1.0 

2.5  7.4  4.5 

1.2  14.0  10.5 

.3  32.0  20.0 


With  the  electrodes  3  mm.  apart  and  with  a  potential  difference 
of  900  volts  between  them,  a  sheet  of  aluminum  foil  only  .003  mm. 
thick  was  found  to  cut  out  all  effect  and  the  radiations  were  also 
found  to  be  unable  to  penetrate  a  thin  sheet  of  paper.  This  offers 
perhaps  the  most  striking  contrast  between  the  two  types  of  radia- 
tions since  the  most  easily  absorbed  rays  from  radio-active  sub- 
stances will  penetrate  several  layers  of  aluminum  foil  with  compara- 
tively little  loss  in  intensity. 

Both  quartz  and  glass  plates  2  mm.  thick  were  placed  over  the 
quinine  in  turn  and  although  no  deflection  of  the  electrometer  was 
produced  these  results  can  carry  no  evidence  one  way  or  the  other 
since  the  conditions  prevented  a  sufficiently  rapid  rate  of  cooling. 

Direction  of  the  Electric  Field. 
One  of  the  most  unexpected  and  suggestive  phenomena  con- 
nected with  the  radiations  under  discussion  is  that  caused  by 
changing  the  direction  of  the  electric  field.  When  the  plate  on 
which  the  quinine  rested  was  joined  to  the  positive  pole  of  the  bat- 
tery, the  resulting  ionization  was  invariably  greater  than  when 
joined  to  the  negative  pole.     This  effect  was  more   marked  when 
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the  plates  were  far  apart,  but  even  when  the  space  between  the 
electrodes  was  only  3  mm.,  the  ratio  of  the  current  obtained  by 
joining  the  lower  plate  to  the  positive  pole  of  a  600-volt  battery  to 
that  obtained  by  joining  it  to  the  negative  pole  was  1.2.  This  ratio 
for  other  distances  is  shown  in  the  following  table  : 


Distances  in  Centimeters  Between  Electrodes. 


.3 
1.2 
2.5 
3.7 
7.5 


Ratio. 


1.20 
1.48 
1.64 
1.93 
2.53 


This  marked  effect  indicates  that  the  radiations  may  possibly  be 
produced  by  ultra-violet  light  The  current  voltage  curves  are 
very  similar  to  those  obtained  when  ultra-violet  light  falls  on  a 
charged  surface,  except  that  here  both  positive  and  negative  ions 
are  present.  The  difficulty  in  obtaining  saturation  may  be  due  to 
the  fact  that  the  ionization  takes  place  very  close  to  the  surface  of 
the  quinine  and  the  ions  consequently  rapidly  diffuse  to  its  surface 
and  cannot  be  removed  without  a  very  intense  field.  The  difference 
in  the  positive  and  negative  currents  is  probably  due  to  a  difference 
in  the  size  of  the  positive  and  negative  ions,  the  positive  ions 
traveling  faster  than  the  negative  ones.  A  difference  in  their  size 
could  be  explained  by  the  condensation  of  vapor  around  them  in 
the  same  way  as  the  ions  in  flame  gases  increase  in  size  when  the 
gases  cool.  The  whole  effect  appears  to  be  due  to  some  type  of 
radiation  which  is  easily  absorbed  in  the  gas  and  since  the  elec- 
trical effects  are  accompanied  by  marked  phosphorescence  it  seems 
p>ossible  to  suppose  that  the  ionization  may  be  caused  by  very  short 
waves  of  ultra-violet  light  such  as  Lenard  has  shown  to  be  active 
in  ionizing  the  gas. 

Optical  Effect. 

Mention  has  been  made  of  the  phosphorescence  accompanying 
this  phenomenon.  The  quinine  when  heated  in  a  dark  room  was 
observed  to  glow  for  about  fifteen  minutes  while  cooling.  The  light 
given  off  was  bluish  white  in  color  but  was  of  insufficient  intensity 
to  admit  of  optical  measurement. 
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Summary. 
In  conclusion  let  us  contrast  those  properties  found  to  be  most 
characteristic  of  the  quinine  radiations  with  those  obtained  under 
similiar  conditions  from  radio-active  bodies. 

1 .  The  quinine  radiations  are  only  apparent  when  accompanied 
by  a  great  temperature  change.  The  rate  of  ionization  varies  dur- 
ing this  change  and  in  a  short  time  the  effect  ceases  altogether. 
The  rate  of  discharge  of  electricity  between  plates  exposed  to  the 
radiations  from  the  active  elements,  however,  is  incapable  of  altera- 
tion by  any  change  in  temperature,  and  so  far  as  is  known  these 
radiations  suffer  no  alteration  with  time. 

2.  By  increasing  the  strength  of  the  electric  field  it  is  impossible 
to  secure  a  maximum  ionization  current  from  quinine  radiations 
while  a  comparatively  weak  electric  field  is  sufficient  to  produce  a 
saturation  current  due  to  the  radiations  from  radium  and  the  other 
active  elements. 

3.  The  quinine  radiations  are  certainly  largely  absorbed  by  at 
least  two  or  three  mm.  of  air  and  may  be  absorbed  by  a  much 
shorter  distance,  while  the  least  penetrating  radiations  from  the 
active  elements  will  pass  through  several  cm.  of  air  without  great 
loss  in  intensity. 

4.  The  quinine  radiations  are  completely  absorbed  by  a  very  thin 
sheet  of  aluminum  which  does  not  cut  out  the  rays  of  uranium, 
radium  and  thorium. 

5.  The  rate  of  ionization  due  to  radium  radiations  is  independent 
of  the  direction  of  the  field,  whereas  that  from  quinine  radiations 
undergoes  a  marked  change  upon  reversing  the  direction  of  the  field. 

These  conclusions  show  very  clearly  that  there  is  no  evidence 
for  believing  that  the  ionization  from  quinine  radiations  is  due  to 
the  spontaneous  projection  of  charged  masses  from  the  atom  as  in 
the  case  of  radio-active  bodies,  but  to  molecular  actions  which  are 
influenced  by  temperature. 

While  M.  Le  Bon  is  therefore  undoubtedly  correct  in  his  asser- 
tion as  to  the  nature  of  the  cause  of  the  quinine  radiations,  these 
experiments  show  no  justification  whatever  for  attributing  the  radia- 
tions from  radium  and  the  other  active  bodies  to  a  similar  cause, 
but  on  the  contrary  testify  to  a  fundamental  difference  in  production. 
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I  desire  to  express  my  deep  obligation  to  Professor  Rutherford 
for  his  kind  interest  and  direction  during  the  course  of  these 
experiments. 

MacDonald  Physics  Building, 

McGiLL  UNrvERSiTY,  Junc,  1903. 
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A    STUDY     OF     THE     MOLECULAR     LOWERING     OF 

THE   FREEZING-POINT   OF   WATER    PRODUCED 

BY   CONCENTRATED   SOLUTIONS 

OF   ELECTROLYTES. 

By  Harry  C.  Jones  and  Frederick  H.  Getman. 

Historical  Review. 

IN  applying  the  freezing-point  method  to  the  then  newly  dis- 
covered theory  of  electrolytic  dissociation  Arrhenius^  noted 
that  the  molecular  depressions  for  solutions  of  calcium,  strontium 
and  magnesium  chlorides,  and  cadmium  iodide  decrease  with  in- 
creasing concentration  to  a  certain  minimum  value  and  then  in- 
crease again. 

Arrhenius'  found  that  solutions  of  cane-sugar,  dextrose,  mannite 
and  glycerine  also  exhibit  this  same  phenomenon.  Raoult '  observed 
this  abnormality  in  his  studies  on  the  freezing-point  depressions  of 
calcium  nitrate,  magnesium  sulphate  and  copper  sulphate. 

Other  workers  in  this  field  have  made  the  same  observations. 
Among  these  may  be  mentioned  Loomis,*  Barnes,*  Jones,*  Jones  and 
Ota,^  Jones  and  Knight  ®  and  Ponsot.® 

The  first  systematic  study  of  this  phenomenon,  however,  was 
made  by  Jones  and  Chambers  *^  in  1900. 

They  determined  the  molecular  depressions  for  solutions  of 
calcium,  barium,  strontium,  magnesium  and  cadmium  chlorides  and 
bromides,  the  concentrations  varying  from  •^\-^  normal  to  normal. 

'Ztschr.  phys.  Chcm.,  2,  496. 

«Ibid.,  2,495. 

3 Ibid.,  2,488. 

*Wied.  Ann.,  57,  503. 

*Trans.  Roy.  Soc.  of  Canada,  Vol.  Vl.,  Sec.  III.,  37. 

«Ztschr.  phys.  Chcm.,  12,  642. 

'Anacr.  Chem.  Jour.,  22,  5,  1899. 

•Ibid..  22,  no,  1899. 

'Rechcrches  .sur  les  congelations,  Paris,  1896. 

JOAmcr.  Chcm.  Joum.,  23,  89,  1900. 
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With  all  the  salts,  except  cadmium  chloride  and  bromide,  minima 
were  found.  In  addition  to  determining  the  molecular  depressions 
for  these  solutions  the  authors  also  measured  the  conductivities  in 
order  to  see  whether  there  existed  any  irregularity  in  the  conduc- 
tivity curves  in  the  same  region  of  concentration  where  the  abnormal 
depressions  became  manifest.  To  quote  their  own  words  :  "  An 
examination  of  the  conductivity  curves  shows  no  irregularity  in  the 
region  where  the  molecular  lowering  of  the  freezing-point  becomes 
a  minimum.  The  conductivity  curves  are  just  such  as  would  be 
expected  for  any  strongly  dissociated  electrolyte  in  water.  The 
conductivity  increases  regularly  from  the  most  concentrated  to  the 
most  dilute  solution  investigated,  and  shows  a  continually  increasing 
dissociation  with  increase  in  dilution.** 

The  work  of  Jones  and  Chambers  was  extended  by  Chambers 
and  Frazer,^  who  studied  hydrochloric  and  phosphoric  acids,  sodium 
acetate,  copper  sulphate,  zinc  chloride,  strontium  and  cadmium 
iodides.  In  each  one  of  these  cases  a  more  or  less  well  defined 
minimum  was  observed.  In  1902  W.  Biltz '  published  the  results  of 
his  further  extension  of  the  work  inaugurated  by  Jones  and  Cham- 
bers. He,  together  with  Julius  Meyer,  studied  the  following  sub- 
stances :  Cassium  chloride,  rubidium  chloride,  potassium  chloride, 
ammonium  chloride,  sodium  chloride,  lithium  chloride,  mercuric 
chloride,  cupric  chloride,  zinc  chloride,  manganous  chloride,  nickel 
chloride,  cobalt  chloride,  ferrous  chloride,  aluminium  bromide, 
cupric  bromide,  potassium  sulphocyanate,  potassium  cyanide,  potas- 
sium bromide,  potassium  iodide,  potassium  fluoride,  lithium  nitrate, 
lithium  bromide  and  lithium  iodide. 

The  concentrations  varied  from  ^^^  normal  to  |  normal.  In 
almost  every  case  well  marked  minima  in  the  molecular  lowerings 
were  observed,  the  following  salts  being  exceptions ;  rubidium 
chloride,  potassium  chloride,  lithium  chloride,  aluminium  bromide, 
potassium  sulphocyanate,  potassium  cyanide,  potassium  bromide 
and  lithium  iodide. 

In  all  of  these  investigations  the  observations  were  confined  to 
comparatively  dilute  solutions  ;  in  no  case  did  the  concentrations 
have  a  wider  range  than  from  extreme  dilution  to  \  normal.    It  seemed 

>  Am.  Chem.  Jour.,  23,  512,  1900. 
«Ztschr.  phys.  Chem.,  40,  185. 
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very  desirable  to  extend  this  work  to  solutions  of  greater  concentration 
and,  to  study  in  this  way  a  large  number  of  different  substances. 

Object  of  this  Investigation. 

The  object  of  this  investigation  as  already  stated,  is  to  extend  the 
work  in  this  field  by  studying  solutions  of  greater  concentration, 
especially  by  means  of  the  freezing-point  and  conductivity  methods. 
By  applying  these  methods  to  a  large  number  of  substances  differ- 
ing widely  in  chemical  and  physical  properties,  it  seemed  probable 
that  some  light  might  be  thrown  upon  the  problems  presented  by 
concentrated  solutions,  and  that  through  such  studies  we  may  come 
to  understand  why  the  laws  which  obtain  for  dilute  solutions  fail 
completely  when  applied  to  solutions  of  greater  concentration. 

Apparatus. 

Freezing' Paint  Apparatus, 

The  accompanying  figure  (i)  shows  the  apparatus  used  in  deter- 
mining the  freezing-points 
of  the  solutions.  It  will  be 
seen  to  be  essentially  that 
devised  by  Beckmann.  The 
thermometers  used  were 
made  expressly  for  this 
work.  They  were  of  the 
Beckman  type,  one  having 
a  range  of  twelve  degrees^ 
each  degree  being  divided 
into  fiftieths,  the  other  hav- 
ing a  range  of  twenty-five 
degrees,  each  degree  being 
divided  into  twentieths. 
The  thermometer  with  the 
greater  range  was  employed 
when  working  with  very 
concentrated  solutions, 
^*    *  which  gave  a  large  depres- 

sion, while  the  more  finely  divided  instrument  was  used  with  the 
more  dilute  solutions. 
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The  stirrer  in  the  freezing  tube  consisted  of  a  ring  of  stout  plati- 
num wire  around  which  was  wrapped  a  spiral  of  fine  platinum  wire- 
The  size  of  the  ring  was  such  that  when  wrapped  with  the  smaller 
wire  it  would  just  touch  the  walls  of  the  freezing  tube  and  thus  hin- 
der the  formation  of  an  ice-sheath.  This  device  was  found  to  give 
perfect  satisfaction,  and  to  be  in  every  sense  superior  to  the  ordinary 
glass  stirrer.  The  platinum  stirrer  was  attached  to  a  glass  rod 
which  passed  closely  through  a  glass  tube  in  the  cork  of  the  freez- 
ing tube.  In  this  way  the  movement  of  the  stirrer  was  guided  and 
cramping  prevented.  The  freezing  tube  consisted  of  a  large  test- 
tube  of  80  C.C.  capacity.  The  freezing  tube  was  surrounded  by  a 
second  glass  tube  giving  an  air  space  between  the  two  of  about  a 
centimeter. 

This  outer  tube  was  surrounded  by  the  freezing  mixture,  which 
was  contained  in  a  large  battery-jar  wrapped  with  felt  to  prevent 
radiation. 

The  freezing  mixture  was  varied  to  suit  the  conditions  ;  the  solu- 
tions of  lower  concentrations  freezing  with  a  mixture  of  salt  and  ice, 
while  those  of  great  concentrations  often  required  the  use  of  crys- 
tallized calcium  chloride  and  ice. 

By  means  of  a  small  electric  hammer  uniform  and  gentle  blows 
were  delivered  on  the  top  of  the  thermometer  during  the  time  of  an 
observation,  thus  overcoming  the  friction  of  the  mercury  in  the 
capillary. 

To  facilitate  the  reading  of  the  thermometer  a  small  lens  magni- 
fying several  diameters  was  employed,  and  more  intense  illumina- 
tion of  the  thermometer  scale  was  obtained  by  means  of  a  small 
incandescent  lamp.  A  thermometer  graduated  to  tenths  served  to 
indicate  the  temperature  of  the  freezing-mixture,  the  effort  being 
made  to  keep  this  only  a  few  degrees  lower  than  the  freezing  tem- 
perature of  the  solution  under  observation. 

Conductivity  Apparatus, 

The  conductivity  measurements  were  made  by  the  well-known 
Kohlrausch  method  using  the  Wheatstone  bridge,  inductorium  and 
telephone.  Two  types  of  cells  were  used.  For  the  more  dilute 
solutions  the  ordinary  Arrhenius  cell  was  employed,  but  for  the 
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very  concentrated  solutions  a  specially  designed  cell  was  employed. 
The  accompanying  sketch  (Fig.  2)  shows  this  cell  in  section. 

The  U-tube  AA  is  8  cm.  in  length  and  2.8  cm.  in  diameter.    The 
ground  stoppers  BB  are  filled  with  paraffine  which  serves  to  hold 
the  tubes  cc  rigidly  in  place,  thus  insuring  a  constant  distance  be- 
tween the  electrodes.     Each  stopper  is  numbered  corresponding  to 
a  number  placed  on  the  ends  of  the  U-tube,  so  that  the  electrodes 
would  not  be  interchanged.     Furthermore,  by  means  of  fine  verti- 
cal lines  cut  on  each  stopper  and  the  necks  of  the  U-tube,  the  elec- 
trodes could  be  returned  to  exactly  the  same  positions  each  time. 
That  there  was  no  alteration  in  the  distance  be- 
tween the  electrodes  was  carefully  established  by 
a  series  of  determinations  of  the  cell  constant  on 
successive  days,  with  the  result  that  the  differences 
were  well  within  the  limit  of  experimental  error. 
The  electrodes  are  of  thick  sheet  platinum,  and 
are  2.5  cm.  in  diameter. 

All  of  the  conductivity  measurements  were 
made  at  0°.  The  bath  by  which  the  solutions 
were  maintained  at  this  temperature  was  prepared 
in  the  following  manner : 

A    glass    battery-jar   was    filled   with    finely 
crushed,  pure  ice,  to  which  was  added  a  small 
volume  of  water.     This  jar  was  placed  in  a  large 
water-bath,  and  the  space  between  was  packed 
with  well-crushed    ice.      By  this  means  it  was 
found  easy  to  maintain  the  solution  in  the  conductivity  cell  to  within 
one-tenth  of  a  degree  of  the  true  zero.     The  ice  in  the  battery  jar  was 
stirred  occasionally,  and  the  temperature  of  the  bath  was  noted  fre- 
quently, to  insure  the  measurements  being  taken  at  o. 

At  a  later  stage  of  the  work  it  seemed  very  desirable  to  supple- 
ment the  freezing-point  and  conductivity  measurements  with  deter- 
minations of  the  boiling-point  elevations  and  the  refractive  indices  of 
some  of  the  solutions.  For  the  former  determinations  the  boiling- 
point  apparatus  devised  by  Jones  ^  was  employed,  while  for  the  re- 
fraction measurements  use  was  made  of  the  well-known  Pulfrich 
Refractometer. 

>  Amer.  Chem.  Journ.,  19,  581,  1897. 
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With  the  exception  of  the  pipettes  the  volumetric  apparatus  used 
was  specially  made  and  carefully  calibrated  for  this  investigation. 

The  volumetric  apparatus  employed  consisted  of  a  series  of  meas- 
uring flasks  and  a  burette  and  a  series  of  pipettes.  The  pipettes 
were  never  used  in  making  the  dilutions. 

Solutions. 

The  method  of  preparing  the  solutions  varied  somewhat  according 
to  the  substance  employed,  but,  in  general,  it  may  be  said  that  a 
solution  of  two  or  three  gram-molecular  weights  to  the  liter  was  first 
made,  and  from  this,  by  successive  dilutions,  the  less  concentrated 
solutions  were  obtained.  Wherever  possible  the  mother-solution 
was  made  up  by  direct  weighing.  When  this  was  not  the  case  the 
solution  was  standardized  either  by  gravimetric  or  volumetric 
methods. 

Great  care  was  taken  to  insure  the  accurate  standardization  of  the 
mother-solution,  and  the  dilutions  were  made  with  volumes  large 
enough  to  minimize  errors  in  burette  readings  and  flask  adjustments. 

The  water  which  was  used  as  a  solvent  was  of  a  high  degree  of 
purity.  The  ordinary  tap-water  was  first  distilled  in  the  laboratory 
still,  and  then  redistilled  from  a  dilute  solution  of  chromic  acid. 
This  second  distillate  was  then  distilled  a  third  time  according  to  the 
method  of  Jones  and  Mackay.*  The  water  thus  obtained  was  pre- 
served in  a  large  bottle  which  had  previously  been  subjected  to  most 
careful  cleaning.     The  water  showed  an  average  conductivity  of 

2.0  X  IO-*. 

Methods. 

Freezing' point  Method, 

The  practical  details  of  the  freezing-point  method  may  be  set 
forth  most  clearly  by  a  description  of  the  determination  of  the 
freezing-point  of  water,  by  which  the  zero-point  of  the  thermometer 
was  established  prior  to  making  any  measurements  upon  solutions. 

The  freezing-tube  was  filled  to  a  depth  of  5  cm.  with  pure  dis- 
tilled water,  and  the  thermometer  and  stirrer  inserted.  The  tube  was 
then  placed  in  a  vessel  containing  ice  and  salt,  and  the  stirrer  agi- 
tated frequently  until  ice  separated.     The  tube  was  then  removed 

'  Amer.  Chem.  Journ.,  19,  83,  1897. 
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and  warmed  until  the  ice  just  melted.  It  was  then  placed  in  the 
freezing-jacket,  which  was  surrounded  with  finely-crushed  dry  ice  to 
which  has  been  added  just  enough  salt  to  bring  the  temperature  of 
the  mixture  to  a  few  degrees  below  the  freezing  point  of  the  sol- 
vent, in  this  case  zero. 

The  stirrer  was  agitated  from  time  to  time  until  freezing  began, 
when  the  stirring  was  continued  vigorously,  and  at  the  same  time 
the  electrical  hammer  was  set  in  action.  The  thermometer  scale 
was  illumined  by  the  incandescent  lamp  and  the  reading  taken  after 
the  mercury  column  had  remained  stationary  for  about  thirty  sec- 
onds. It  was  almost  always  noticed  that  the  solvent  undercooled 
several  degrees,  and  it  was  frequently  necessary  to  add  a  small  frag- 
ment of  ice  to  induce  freezing. 

In  the  case  of  solutions  the  tendency  to  undercool  was  not  so 
marked.  Owing  to  the  change  in  concentration  due  to  the  separa- 
tion of  ice,  a  correction  was  introduced.  The  determination  of  the 
freezing-point  of  the  solvent  as  well  as  of  any  solution  was  repeated 
several  times,  and  the  mean  of  these  results  taken  as  the  true  freez- 
ing-point. 

CoNDUcTiviTV  Method. 

The  solution  was  introduced  into  the  conductivity  cell,  care 
being  taken  to  avoid  the  collection  of  air  bubbles  on  the  electrodes, 
and  the  cell  was  then  placed  in  the  zero  bath  where  it  was  allowed 
to  remain  for  half  an  hour ;  this  having  been  found  to  be  sufficient 
time  for  the  solution  to  acquire  the  uniform  temperature  of  zero 
degrees.  The  conductivity  was  then  determined  by  the  well-known 
Kohlrausch  method. 

In  the  more  concentrated  solutions  it  was  not  found  necessary  to 
introduce  a  correction  for  the  slight  conductivity  of  the  water. 

Boiling-point  Method. 

Care  was  taken  to  use  this  method  only  on  days  when  the 
barometer  remained  quite  constant.  The  general  method  of  car- 
rying out  a  boiling-point  measurement  was  employed,  care  being 
taken  that  the  solutions  boiled  evenly,  and  that  the  thermometer 
was  gently  tapped  before  reading. 
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The  boiling-point  as  recorded  is  in  the  mean  of  a  series  of  read- 
ings taken  at  intervals  of  thirty  seconds,  and  with  each  determina- 
tion is  recorded  the  corresponding  barometric  height. 

Refractivity  Method. 

The  determination  of  refractive  indices  was  made  with  the  re- 
fractometer  of  Pulfrich.  Sodium  light  was  employed  and  care  was 
taken  to  have  the  solutions  at  uniform  temperature.  The  readings 
were  made  to  minutes  of  arc,  and  by  means  of  the  well-known 
formula  «  =  \/ A'' —  sin*  X  The  indices  of  refraction  were  cal- 
culated. 

Sources  of  Error. 

In  order  to  freeze  solutions  of  relatively  great  concentrations  it 
was  found  necessary  to  do  away  with  the  extra  jackets  used  in 
working  with  dilute  solutions.  This  source  of  error  became  mani- 
fest when  the  attempt  was  made  to  determine  the  freezing-points  of 
solutions  having  concentrations  less  than  half  normal.  This  error 
diminishes  as  the  concentration  increases. 

It  was  further  found  to  be  quite  impossible  to  use  more  than  30 
c.c.  of  solution ;  this  limitation  introducing  another  small  source  of 
error.  The  difficulty  experienced  in  keeping  at  a  minimum  the  dif- 
ference between  the  temperature  of  the  freezing-mixture  and  the 
freezing  temperature  of  the  solution  was  at  times  not  slight.  This 
was  particularly  noticeable  when  calcium  chloride  was  used  in  the 
place  of  salt. 

The  correction  introduced  for  the  increase  in  concentration  due 
to  the  separation  of  ice  was  the  cause  of  some  error.  The  amount 
of  ice  formed  being  a  function  of  the  degree  of  undercooling,  it  has 
been  found  practicable  in  working  with  dilute  solutions  to  apply 
the  correction  formula  k^sujw  to  the  observed  depression. 

In  this  formula  s  is  the  specific  heat  of  the  liquid,  u  the  under- 
cooling observed  and  w  the  latent  heat  of  fusion  of  the  solvent. 
The  solution  continues  to  lose  heat  even  after  freezing  commences, 
and  the  heat  lost  is  therefore  greater  than  that  measured  by  the 
undercooling,  and  the  latent  heat  of  fusion  is  less  for  a  concentrated 
solution  than  for  the  pure  solvent,  so  that  for  a  given  degree  of 
undercooling  there  results  a  greater  formation  of  ice  than  would 
result  with  the  pure  solvent. 
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This  point  has  been  tested  experimentally  by  Loomis*  while 
working  with  a  0.2  normal  solution  of  sodium  chloride.  Applying 
the  correction-formula  his  solution  appeared  concentrated  about  0.2 
per  cent,  whereas  by  actual  determination  of  the  change  in  concen- 
tration he  found  it  to  be  concentrated  0.3  per  cent.  Such  an  error 
would  be  increased  when  the  formula  is  applied  to  solutions  varying 
from  normal  to  three  times  normal.  Furthermore,  the  amount  of 
undercooling  is  found  to  vary  greatly  with  the  same  solution  upon 
successive  freezings.  It  has  been  observed  with  almost  every  solu- 
tion that  the  degree  of  undercooling  is  governed  by  the  amount  of 
over-warming.  This  same  point  was  observed  by  Loomis.*  He 
says :  **  Thus,  one  may  effect  almost  any  desired  amount  of  over- 
cooling  by  properly  varying  the  degree  of  overwarming."  Further- 
more, as  is  well  known,  freezing  can  be  induced  by  the  introduction 
of  a  minute  fragment  of  ice.  Thus,  it  is  evident  that  through  this 
two-fold  means  of  control  of  the  degree  of  undercooling,  some  bias 
might  be  given  to  the  results.  The  effort  was  made  to  avoid  pro- 
ducing this  error  in  the  results.  It  must  be  stated,  however,  that 
this  correction  term  is  not  entirely  satisfactory,  and  that  through 
its  use  some  slight  error  has  necessarily  been  introduced. 

As  has  been  stated  two  thermometers  were  employed  in  this 
investigation.  One  of  these  was  graduated  to  fiftieths,  while  the 
other  was  divided  into  twentieths  of  a  degree. 

Estimation  to  hundredths  of  a  degree  was,  therefore,  the  closest 
approximation  that  could  be  obtained. 

The  zero  of  the  thermometer  was  determined  just  before  making 
any  measurements  with  the  solutions. 

The  errors  in  the  conductivity  measurements  were  so  slight  that 
no  record  of  them  need  be  made.  The  refractivity  measurements 
are  affected  by  a  slight  error  due  to  small  inequalities  of  tempera- 
ture throughout  a  series  of  determinations.  This,  while  in  general 
small,  manifests  itself  in  one  or  two  of  the  curves  to  a  noticeable 
extent. 

The  boiling-point  method  contains  several  sources  of  error.  The 
platinum  cylinder  surrounding  the  thermometer  bulb  was  found  to 

*Loomis,  Phys.  Rev. 
^is,  Phys.  Rev. 
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cause  some  irregularity  in  the  boiling-point  of  a  concentrated  solu- 
tion, but  to  remove  the  cylinder  introduces  a  two-fold  error  due  to 
radiation  and  the  cooled  recondensed  solvent. 

Furthermore,  the  extremely  low  boiling-point  constant  for  water 
renders  the  accuracy  of  the  method  in  the  more  dilute  solutions  not 
very  great.  Of  course  the  changes  in  barometric  pressure  also 
increase  the  difficulties  in  making  an  accurate  boiling-point  deter- 
mination. This  latter  difficulty,  it  may  be  remarked,  is  greater  in 
this  locality  than  on  the  continent  of  Europe,  where  the  barometric 
pressure  remains  practically  constant  for  hours.  The  method  gave 
so  much  trouble  that  it  was  temporarily  discarded  as  being  inca- 
pable of  throwing  much  light  on  the  problem  in  hand. 

Tabulation  of  Results. 

In  the  tables  of  freezing-point  measurements  the  symbols  em- 
ployed have  the  following  significance  : 

m  =  concentration  in  gram-molecular  normal. 
s  =  observed  freezing-point  depression. 

k  =  correction  for  change  in  concentration  due  to  separation  of 
ice. 

J  =5  corrected  freezing-point  depression. 

djtn  =  molecular  freezing-point  depression. 

Wherever  possible  the  results  of  other  observers  in  the  region  of 
greater  dilution  are  given,  since,  as  has  been  stated,  the  method 
employed  for  concentrated  solutions  does  not  give  highly  accurate 
results  when  applied  to  dilute  solutions. 

In  the  tables  of  boiling-point  measurements  : 

nt  =  molecular  concentration. 

J'  =s  rise  of  boiling-point. 

In  the  tables  of  conductivity  measurements  v  denotes  the  volume 
and  {w  the  molecular  conductivity  at  o®  C.  In  the  tables  of  refrac- 
tivity  measurements  the  notation  has  the  following  meaning  : 

tn  =  concentration  in  gram-molecular  normal. 

X  =  observed  angle. 
n  =  index  of  refraction. 

The  results  are  all  expressed  in  curves  (Figs.  3-13). 
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Hydrochloric  Acid,  HCl  {36,4.6), 

The  hydrochloric  acid  used  was  found  to  be  free  from  impurities. 
A  solution  of  approximately  three  normal  concentration  was  made 
up  by  means  of  the  hydrometer.  Its  exact  strength  was  then  deter- 
mined by  diluting  an  appreciable  volume  one  hundred  times,  and 
titrating  successive  portions  by  means  of  potassium  hydroxide. 
The  potassium  hydroxide  solution  used  had  been  carefully  standard- 
ized against  sulphuric  acid,  which,  in  turn,  had  been  standardized 
gravimetrically  by  precipitation  as  barium  sulphate.  From  the 
data  thus  obtained  the  mother-solution  was  diluted  with  the  proper 
volume  of  water  to  make  it  exactly  three  times  normal,  and  this 
dilution  was  then  checked  by  a  series  of  titrations. 

From  the  mother-solution  a  series  of  dilutions  were  made,  thus 
giving  the  solutions  required.  It  may  be  well  to  state  that  these 
diluted  solutions  were  preserved  in  hard-glass  bottles,  which  had 
been  thoroughly  cleaned  and  steamed. 

Freezing-point  Measurements. 


Aim 


m 

Lroomia.i 

Jones.* 

Barnes.* 

Chambers  &  Fraxer.* 

0.05 

3.594 

3.593 

3.630 

0.10 

3.546 

3.554 

3.565 

3.460 

0.20 

3.565 

3.584 

3.650 

0.30 

3.612 

0.40 

3.760 

1.0 
1.5 
2.0 
2.5 
3.0 


4.140 

6.720 

10.218 

13.510 

18.100 


0.018 
0.087 
0.281 
0.055 
0.004 


4.122 

6.633 

9.937 

13.455 

18.096 


4.122 
4.422 
4.969 
5.382 
6.030 


Conductivity  Measurements, 


V. 
fiV. 


2.000 
216.50 


1.000 
200.32 


0.667 
182.35 


0.500 
170.19 


0.400 
152.38 


0.333 
141.87 


*  Phys.  Rev.,  3,  276,  1896. 

2Zeit.  Phys.  Chem.,  12,  628,  1893. 

» Trans.  Roy.  Soc.  Can.,  Vol.  VI.,  Sec.  50. 

<Am.  Chem.  Joar.  23,  515,  1900. 
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Lithium  Chloride,  LiCl  {42,48). 

The  concentration  of  the  mother-solution  of  lithium  chloride  was 
determined  volumetrically  by  means  of  a  standard  solution  of  silver 
nitrate. 

The  dilutions  were  made  in  the  usual  manner. 

Owing  to  the  limited  supply  of  this  salt  it  was  impossible  to  carry 
the  determinations  beyond  normal  concentration. 

Freeting-point  Measurements. 


m 

X 

k 

A 

^Im 

0.06 

0.250 

0.010 

0.240 

4.067 

0.12 

0.450 

0.010 

0.440 

3.667 

0.24 

0.865 

0.003 

0.862 

3.592 

0.59 

2.245 

0.003 

2.242 

3.800 

1.18 

4.800 

0.001 

4.799 

4.066 

Conductivity  Measurements. 

V. 

16.95 

8.47             4.22             1.67 

0.88 

fIV. 

53.75 

50.42            46.76            42.28 

35.58 

Refractivity  Measurements. 


m 

X 

n 

0.06 

67°  22' 

1.32438 

0.12 

67    16 

1.32585 

0.24 

67    — 

1.32711 

0.59 

66    21 

1.33021 

1.18 

65    19 

1.33526 

Boiling-point 

Measurements.  * 

m 

A' 

Barom.  Press. 

A'/»r 

0.0135 

0.130 

0.960 

0.2584 

0.245 

Constant. 

0.950 

0.5899 

0.568 

0.963 

1.0500 

1.063 

1.010 

1.6240 

1.743 

1.070 

Ammonium  Chloride,  NHjCl  {SJ-Sj)- 
The  salt  used  was  dried  for  several  days  in  a  desiccator  over 
phosphorus  pentoxide. 

iBiltz.  Ztschr.  phys.  Chem.,  40,  208,  1902. 
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The  3iV,  2iV  and  N  solutions  were  made  up  by  direct  weighing. 
The  less  concentrated  solutions  were  made  by  diluting  the  normal 
solution.  This  method  was  pursued  to  avoid  weighing  such  large 
masses  of  salt. 

Freezing-point  Measurements, 




LrOOl 

A/m 

m 

nit.i 

Bi 

ltx.« 
.39 

0.04 

3.50 

3 

0.05 

3.48 

0.10 

3.434 

0.20 

3.396 

0.26 

3.39 

0.40 

3.393 

0.54 



X 

—  - 

A 

3.41 

m 

f'              1 

A'w 

1.0 

3.75 

0.020 

3.730 

3.730 

2.0 

7.55 

1 

7.550 

3.775 

3.0 

11.70 

11.700 

3.900 

Conductivity  Measurement. 

r. 

r. 

5.0 

2.0               1.0 

0.5 

0.333 

/uv.             ( 

58.94 

66.15           64.35 

59.27 

58.61 

Refractivity  Measurements 

m 

X 

n 

0.2 

66«55' 

1.32750 

0.5 

66    18 

1.33045 

1.0 

65    15 

1.33559 

2.0 

63   20 

1.34536 

3.0 

61   30 

1.35508 

Sodium  Chloride,  NaCl  {58,56), 

The  sodium  chloride  used  was  prepared  from  ordinary  salt  by 
precipitation  from  concentrated  solution  by  means  of  hydrochloric 
acid  gas.  The  salt  thus  obtained  was  washed  with  a  little  cold 
water,  and  was  then  dried  at  1 20®  C  in  an  air  bath. 

The  3N,  2N  and  N  solutions  were  made  up  by  direct  weighing, 
the  latter  serving  as  the  mother-solution  for  the  lesser  concentra- 
tions. 

»Phys.  Rev.,  3,  276,  1896. 
«Ztschr.  Phys.  Chem.,  40,  198,  1902. 
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Freezing-point  Measurements, 




A/m 

—   —    _ 

-  "■    -  ■' 

m                      Loomit. 

Jones 

a 

BilU.»           1 

KAhIenberg.« 

0.05 

3.531 

3.52 

3.41          1 

0.06 

3.529 

1 

0.07 

3.510 

1 

0.08 

3.501 

0.09 

3.494 

1 

0.10 

3.484 

3.47 

3.47          1 

3.26 

0.20 

3.439 

3.42 

3.44 

0.26 

3.19 

0.30 

1 

3.21 

0.40 

3.42          ' 

0.50         1          

' 

1 

3.24 

m               '                s 

1 

k 

A                  1 

A/w 

0.5          '         1.760 

1 

0.001 

1.759 

3.518 

1.0          1         3.550 

0.004 

3.546 

3.546 

2.0          i         7.470 

0.003 

7.467 

3.734 

3.0          ,       12.225 

.  -J  -_. 

0.002 

12. 223  _ 

4.074 

Conductivity 

Meast 

trements. 

V,             5.000 

2.000 

1. 

000              0.500 

0.333 

\iv.           51.84 

48.62 
RefractivUy 

47. 
Mcast 

16              43.14 
trements. 

36.59 

m 

X 

1 

n 

0.2 

br 

•    V 

1 

1.32703 

0.5 

66 

24 

' 

1.32997 

1.0 

65 

26 

1.33469 

2.0 

63 

37 

1.34389 

3.0 

61 

59 

1 

1.35249 

Boiling-point 

Meast 

trements.  * 

m 

A' 

E 

arom.  Press. 
754.0  mm. 

A'/W 

0.1256 

0.195 

1.552 

0.2500 

0.390 

<i 

1.160 

0.3793 

0.598 

If 

1.576 

0.5046 

0.820 

n 

1.625 

0.6299 

1.031 

it 

1.637 

0.8792 

1.474 

tt 

1.677 

1.1409 

1.970 

it 

1.726 

2.0130 

4.471 

743.5 

2.221 

3.1242 

• 

6.820 

743.4 

2.183 

^Phys.  Rev.,  I.,  279,  1893.         'Zeit.  Phys.  Chem.,  11,  no,  1893. 

*lbid.,  40,  199,  1902.  <  Jour.  Phys.  Chem.,  5,  353,  1901. 

*  Kahlenberg,  Jour.  Phys.  Chem.,  5,  362,  1 901. 
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Potassium  Chloride^  KCl  {j4,6o\ 

The  salt  used  was  prepared  by  repeated  crystallization  from 
fairly  pure  specimens.  It  was  then  dried  for  several  days  in  an 
air-bath  at  no®  C.  and  afterwards  preserved  in  a  desiccator  over 
calcium  chloride  until  it  was  used. 

From  the  mother-solution  prepared  by  direct  weighing,  the 
lesser  concentrations  were  obtained  by  dilution. 

Freixing'point  Measurements. 


Am 

m 

Loomit*. 
3.50 

Jonet.s 

BUU.s 

0.05 

3.50 

0.10 

' 

3.445 

3.47 

3.47 

0.20 

3.404 

! 

0.30 

3.41 

0.40 

3.353 

1 

0.50 

3.34 

0.80 

1 

3.27 

m 

* 

k 

A 

'-- 

A/iw 

0.2 

0.688 

0.003 

0.685 

3.425 

0.5 

1 

1.695 

0.003 

'          0.692 

3.384 

1.0 

3.400 

3.400 

3.400 

2.0 

6.950 

0.006 

6.944 

3.472 

3.0 

11.065 

0.003 

— 

11.062 

-      '    - 

3.687 

Condu 

ctiviiy  Mfasurenunts. 

V. 

20.0 

10.0 

5.0 

2.0 

L.0 

0.5 

fXV. 

72.37 

69.53 

68.71 

65.21           61.07 

60.98 

Boilinjt, 

'-point  Measuteme 

nts.* 
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Calcium  Chloride,  CaCl^  {iio.S), 

The  salt  was  obtained  in  a  well-crystallized  condition.  It  was 
dissolved  in  enough  water  to  insure  the  solution  having  a  concen- 
tration of  at  least  2.5N.  By  means  of  several  gravimetric  deter- 
minations of  calcium  the  exact  strength  of  the  mother-solution  was 
obtained.  It  was  then  diluted  to  2.sN  and  the  calcium  redeter- 
mined as  a  check.  From  this  mother-solution  the  other  solutions 
were  prepared  by  dilution. 

It  may  be  noted  at  this  point  that  owing  to  the  extremely  large 
depressions  produced  by  concentrated  solutions  of  this  substance,  it 
was  necessary  to  employ  crystallized  calcium  chloride  and  ice  as 
the  freezing  mixture. 

Freezing-point  Measurements, 


_ 

A/m 

m 

Lroomit. 

1 

Jones 

&  Chambers.* 

0.05 

4.85 

0.10 

4.80 

4.98 

0.20 

4.84 

4.96 

0.30 

5.02 

0.40 

5.16 

0.50 

5.19 

5.26 

m 

X 

k 

A 

A\m 

1.0 

6.350 

0.005 

6.345 

6.345 

1.5 

11.300 

0.004 

11.296 

7.531 

2.0 

17.875 

0.008 

17.867 

8.934 

Conductivity  Measurenu 

if/j. 

V. 

1.000 

0.667 

0.500 

D.400 

fiV. 

71.16 

62.14 

53.98 

44.79 

Strontium  Chloride,  SrCl^  {158,5), 

The  salt  was  purified  by  repeated  crystallizations,  and  finally 
dried  at  no®  C.  It  was  preserved  in  a  desiccator  over  calcium 
chloride  until  used. 

The  mother-solution  was  made  up  by  direct  weighing,  and  then 

analyzed  for  both  strontium  and  chlorine  as  a  check.     The  dilutions 

were  made  in  the  usual  manner. 

iPHYs.  Rev.,  4,  298,  1897. 
«Amer.  Chem.  Jour.,  23,  93,  19CX). 


Digitized  by 


Google 


l62 

J7.  a 

JOXES  AXD  F, 

H,  GETMAN, 

[V0L.XVIII. 

Frening'P<n$it  Measurements, 

A'm 

m 

Loomis.' 

Jones 

&  Chambers.* 

0.05 

4.90 

5.16 

0.10 

4.85 

4.88 

0.20 

4.82 

4.87 

0.30 

4.90 

0.40 

4.95 

0.50 

5.08  ' 

5.09 

m 

» 

k 

A 

Aw 

1.0 

6.010 

0.010 

6.000 

6.000 

L5 

10.725 

10.725 

7.150 

2.0 

16.425 

0.003 

16.422 

8.211 

Omductivity  Meoiurements, 

V.       2.000 

1.000 

0.667 

0.500 

A 

tv.     84.26 

74.57 

63.01 

55.26 

Barium  Chloride,  BaCl^  {208. j). 

The  salt  was  obtained  in  a  relatively  pure  condition.  It  was 
recrystallized  several  times,  and  then  dried  for  some  hours  at  i  lo** 
C.  in  the  air-bath. 

The  mother-solution  was  made  up  by  direct  weighing  and  the 
lesser  concentrations  obtained  by  dilution.  The  slight  solubility  of 
the  salt  prevented  the  study  of  concentrations  beyond  0.75 N. 

Freeziftg-  Point  Measurements, 


■ 

Am 

— 

— ■ 

m 

'                           Loomis.' 

Jones  &  Chambers.* 

0.05 
0.10 
0.20 
0.30 
0.50 

4.770 
4.690 
4.655                       ' 

4.830 

4.85 
4.77 
4.82 
4.95 

m 

s                                   k 

A 

Am 

0.5 
0.75 

2.500                   0.007          ' 
3.860                   0.003 

2.493 
3.857 

2.000 
89.24 

-     - 

4.986 
5.143 

1.333 
85.27 

V 

uv 

Conductivity  Measurements 

20.000             10.000             4.000 
116.05             103.79             95.94 

»  Phys.  Rev.,  4,  287,  1897. 
*Phys.  Rev.,  3,  277,  1896. 


*  Amer.  Chem.  Jour.,  23,  94,  1902. 
*Amer.  Chem.  Jour.,  23,  94,  1900. 
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Boiling-point  Measurements.^ 


m 

A' 

Barom.  Press. 

A'lm 

0.3397 

0.208 

752.8  mm. 

0.612 

0.8290 

0.496 

0.598 

1.3612 

0.839 

0.616 

1.9868 

1.293 

0.651 

2.7071 

1.909 

0.705 

3.5036 

2.517 

0.718 

Nitric  Acid,  HNO^  {63.05), 

By  means  of  the  hydrometer  and  Lunge's  tables  a  solution  of 
approximately  3N  was  made  up.  This  solution  was  then  accurately 
standardized  by  means  of  potassium  hydroxide,  the  same  method 
being  used  as  in  the  case  of  hydrochloric  acid. 

From  the  mother-solution  thus  prepared,  the  more  dilute  solu- 
tions were  obtained. 

Freezing  point  Measurements, 

Sim 


m 

Jones.* 

Loomls." 

0.05 
0.10 
0.20 

3.71 
3.53 

3.51 
3.50 
3.48 

m 

t 

k 

A 

A/m 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

1.840 
3.850 
5.980 
8.425 
11.125 
14.058 

0.018 
0.054 
0.042 
0.015 
0.079 
0.150 

1.822 
3.796 
5.938 
8.410 
11.046 
13.908 

3.644 
3.796 
3.959 
4.205 
4.418 
4.636 

Conductivity  Measurements. 
V.       2.000  1.000  0.667  0.500  0.400  0.333 

/iv.  213.30  194.95  184.89  169.23  155.43  140.97 

Lithium  Nitrate,  LiNO^  {^g.of). 
The  sample  of  lithium  nitrate  used  was  obtained  in  well-crystal- 
lized form.     It  was  heated  to  120°  C.  for  several  days  in  an  air- 
bath,  and  was  then  allowed  to  cool  in  a  desiccator  over  calcium 
chloride.     When  cool,  the  mother-solution  was  prepared  by  direct 

'Kahlenberg,  Jour.  Phys.  Chem.,  5,  366,  1901. 
«  Zeit.  Phys.  Chem.,  12,  623,  1893. 
8  Phys.  Rev.  4,  282,  1897. 
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weighing  of  the  salt,  care  being  taken  to  make  the  weighing  as 
quickly  as  possible  after  the  removal  of  the  salt  from  the  desiccator. 
Owing  to  the  limited  supply  of  this  salt  the  mother-solution  con- 
tained only  one  gram-molecule  of  dissolved  substance  in  a  liter. 

Frening-point  Measurements. 


m 

s 

1 

k 

"  : 

A 

Am 

0.05 

0.185 

' 

0.002 

1 

0.183 

3.660 

0.10 

0.355 

1 

1 

0.002 

0.353 

3.530 

0.20 

0.745 

0.023 

0.722 

3.610 

0.30 

1.095 

0.001 

1.094 

3.647 

0.40 

1.465 

0.003 

1.462 

3.655 

0.50 

1.860 

1 

0.005 

1.855 

3.710 

0.60 

2.275 

' 

0.008 

2.267 

3.778 

0.70 

2.665 

0.002 

2.663 

3.804 

0.80 

3.135 

3.135 

3.919 

0.90 

3.560 

0.003_ 

3.557 

3.952 

Conductivity  Measurements, 

V,     20.00 

10.00      5.00 

3.33 

2.50 

2.00 

1.67      1.43 

1.25      1.11 

Air.     50.00 

47.56    45.91 

44 

kOS 

43.90 

42.50 

40.81    39.91 

39.89    37.74 

Ammonium  Nitrate,  NH^NO^  {So.  12). 

The  salt  was  obtained  in  a  comparatively  pure  condition,  and 
was  recrystallized  several  times.  It  was  then  dried  at  lOO**  C.  and 
preserved  until  needed  in  a  desiccator  over  calcium  chloride. 

The  mother-solution  was  prepared  by  direct  weighing,  and  from 
it  the  successive  dilutions  were  made. 

Freeting-point  Measurements, 


A/iw 

m 

Loomit.* 

0.025 

3.49 

0.050 

3.47 

0.100 

3.424 

0.200 

3.321 

m 

' 

*              1 

A 

1                A/m 

0.5 

1.690 

0.004 

L686 

3.372 

1.0 

3.150 

0.005 

3,145 

3.148 

2.0 

6.000 

0.004 

5.996 

1          2.998 

3.0 

8.725 

0.005 

8.720 

1          2.906 

>Phys.  Rev.,  3,  279,  1896. 
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Conductivity  Measurements. 
V,  20.0  10.0  5.0  2.0 

fiv.  67.49         65.05        63.44        60.26 

Refractivity  Aleasurements. 


1.0 
54.97 


0.5 
52.81 


m. 

X 

n 

0.05 

67<»  22' 

1.32538 

0.10 

67    21 

1.32585 

0.20 

67     3 

1.32687 

0.50 

66   25 

1.32989 

1.00 

65    24 

1.33485 

2.00 

63    30 

1.34449 

Sodium  Nitrate,  NaNO^  i^s^og). 

The  sample  of  sodium  nitrate  used  was  purified  by  repeated  crys- 
tallizations. The  purified  salt  was  dried  at  i  lo**  C.  in  an  air-bath, 
and  preserved  over  calcium  chloride  in  a  desiccator  until  required. 

The  mother-solution  was  made  up  by  direct  weighing,  and  the 
other  solutions  obtained  from  this  by  dilution. 

Freezing' Point  Measurements, 


A/IK 


0.05 
0.10 
0.20 


Loomia.' 


3.44 

3.428 

3.345 


m 

t 

k 

A 

Sk\m 

1.0 

3.200 

0.002 

3.198 

3.198 

1.5 

4.670 

0.001 

4.669 

3.113 

2.0 

6.150 

0.003 

6.147 

3.074 

2.5 

7.470 

0.002 

7.468 

2.987 

3.0 

8.913 

0.004 

8.909 

2.969 

Conductivity  Measurements, 

V, 

2.000 

1.000             0.667 

0.500 

0.400 

flV. 

44.90 

40.41             36.90 

34.16 

30.96 

Potassium  Nitrate,  KNO^  {ioi,ig). 
The  specimen  of  potassium  nitrate  was  obtained  in  a  fair  state  of 
purity.     This  was  recrystallized  until  it  no  longer  gave  a  flame- 
test  for  sodium.     It  was  then  dried  for  several  days  at  110°  C.  in 
»Phys.  Rev.,  3,  279,  1896. 
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an  air-bath,  after  which  it  was  preserved  in  a  desiccator  over  cal- 
cium chloride  until  required  for  use. 

The  mother-solution  was  made  up  by  direct  weighing,  and  the  re- 
maining solutions  made  by  dilution. 

Freeting' point  Meaiurements, 


A/m 


m 

Loomia.i 

0.05 
0.10 
0.20 

3.41 

3.314 

3.194 

m 

1 

k 

A 

A/« 

0.4 
0.5 
1.0 

1.295 
1.553 
2.730 

0.037 
0.016 
0.001 

1.258 
1.537 
2.729 

3.145 
3.074 
2.729 

V. 
flV, 


Conductivity  Afeaturements. 

2.000  1.000 

53.20  49.97 

Boiling-point  Measurements.^ 


0.667 
46.30 


0.2789 
0.6058 
0.9721 
1.4798 
2.1333 
2.7095 


A' 

Barom. 

Preaa. 

A'/M 

0.248 

741.1 

mm. 

0.889 

0.518 

(( 

0.855 

0.822 

<< 

0.845 

1.207 

<( 

0.815 

1.706 

741.2 

0.795 

2.123 

" 

0.783 

Sulphuric  Acid,  H^SO^  {98.08). 

The  acid  used  was  free  from  the  ordinary  impurities. 

By  means  of  the  hydrometer  and  Lunge's  tables  a  solution  ap- 
proximately 3N  was  made  up.  A  portion  of  this  solution  was  then 
diluted  a  hundred  times,  and  successive  portions  of  this  diluted 
solution  were  removed  for  titration  with  N/s  potassium  hydroxide. 
After  the  exact  strength  of  the  solution  was  ascertained,  it  was 
diluted  sufficiently  to  make  the  solution  strictly  3N. 

»  Phys.  Rev.,  3,  278,  1896. 

2Kahlenberg,  Jour.  Phys.  Chem.,  5,  368,  1901. 
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This  solution  was  then  checked  by  several  titrations.  As  has 
been  said  the  potassium  hydroxide  solution  used  for  the  titration 
was  standardized  by  means  of  N/5  sulphuric  acid,  which  had  beea 
standardized  gravimetrically. 

The  dilutions  were  made  as  usual  from  the  mother-solution. 

Freeting-pcint  Measurements, 


A/m 

" 

m 

Loomia.'          |                           Jonea.* 

Barnea.s 

0.05 

4.130 

4.167 

0.10 

3.968 

3.945 

3.961 

0.20 

3.850 

3.883 

m 

s 

k 

A' 

A/w 

0.10 

0.413 

0.016 

0.397 

3.970 

0.30 

1.180 

0.024 

1.156 

3.853 

0.50 

2.040 

0.023 

2.017 

4.034 

1.00 

4.203 

0.014 

4.189 

4.189 

1.50 

7.450 

0.007 

7.443 

4.962 

2.00 

11.300 

0.004 

11.296 

5.648 

2.50 

16.275 

16.275 

6.510 

Conductivity  Measurements. 

V.     2.000     1 

.000     0.667     0.500     0.400     0.333     0.286      0.25 

0     0.222     0.200 

«!'.  277.30   253 

L44   221.25    199. 

42   178.79   155.2 

9   135.00    118.86 

100.21     86.97 

Ammonium  Sulphate,  {NH\SO^  {114,14), 
The  salt  used  was  purified  by  several  recrystallizations.     It  was 

dried  at  100°  C.  in  an  air-bath,  and  was  then  preserved  in  vacuo 

over  sulphuric  acid  until  required. 
The  mother-solution  was  made  up  by  direct  weighing,  and  the 

lesser  concentrations  obtained  by  dilution. 

Freezing-paint  Measurements, 


m 

* 

k 

Im 

0.05 

0.025 

0.001 

0.024 

4.80 

0.10 

0.475 

0.006 

0.469 

4.69 

0.20 

0.825 

0.007 

0.818 

4.09 

0.50 

1.975 

0.006 

1.969 

3.94 

1.00 

3.725 

0.039 

3.686 

3.69 

1.40 

5.200 

0.067 

5.133 

3.67 

»Phys.  Rev.,  I.,  281,  1893.         «Zlschr.  phys.  Chem.,  X2,  628,  1893. 
'Trans.  Roy.  Soc.  Canada,  Vol.  VI.,  Sec.  III.,  50. 
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Omductivity  Measurements, 

V. 
flV. 

20 
100.60 

10 
95.84 

5 
86.15 

2 
80.08 

1              0.71 
72.55        69.30 

Refractivity  Measu 

rements 

m 

X 

67<>  15' 
67 

66   45 
65    42 
64     7 
62   49 

n 

0.05 
0.10 
0.20 
0.50 
1.00 
1.40 

1.32593 
1.32711 
1.32829 
1.33338 
1.34131 
1.34807 

Sodium  Sulphate,  Na^SO^  {142.16), 

The  salt  used  was  in  the  form  of  the  decahydrate. 
It  was  heated  to  120°  C.  for  several  days,  and   was  then  re- 
inoved  from  the  air  bath  and  finely  pulverized  in  a  mortar,  after 

Freeting'point  Measurements, 


A'm 


0.05 
0.10 
<0.20 
0.30 


Loomia.' 

4.590 
4.340 
4.071 
3.875 


0.50 


1.850 


0.011 


1.839 


A/M 


3.678 


V. 
ftV. 


20.0 
93.06 


Conductivity  Measurements. 

10.00  5.00  2.00  1.00 

84.92        73.09        60.54        47.13 

Refractivity  Measurements, 


0.67 
36.82 


0.50 
28.54 


m 

X 

n 

0.05 

67^13' 

1.32609 

0.10 

66   58 

1.32727 

0.20 

66   30 

1.32949 

0.50 

65    20 

1.33518 

1.00 

63   37 

1.34389 

L50 

62   05 

1.35195 

2.00 

60   43 

1.35934 

»  Phys.  Rkv.,  3,  277,  1896. 
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which  it  was  placed  over  sulphuric  acid  in  a  vacuum  desiccator  until 
required.    The  mother-solution  was  made  up  by  direct  weighing. 

Owing  to  the  formation  of  the  hydrate  upon  cooling,  it  was  found 
impossible  to  extend  the  observations  on  the  freezing-point  beyond 
N/2  concntration. 

Boiling-point  Measurements. 


0.05 
0.10 
0.20 
0.50 
1.00 
1.50 
2.00 


nr- 


1 

Barom.  Preas. 

0.050 

763.0  mm. 

0.105 

763.1 

0.235 

763.3 

0.531 

763.5 

1.064 

763.5 

1.748 

765.0 

2.085 

764.8 

A'lm 

1.00 
1.05 
1.17 
1.06 
1.06 
1.07 
1.04 


Potassium  Sulphate,  K^SO^  [174.06), 

The  specimen  of  salt  used  was  dried  for  several  days  in  the  air- 
"^fh  at  a  temperature  of  120°  C,  and  was  then  preserved  in  a  des- 
iccator over  sulphuric  acid  until  required. 

Freezing-point  Measurements, 


nim 


Loomis.* 


0.05 
0.10 
0.20 
0.30 


4.540 
4.317 
4.067 
3.891 


Jonea.* 


4.61 
4.28 


Conductivity  Measurements. 

V.  20  10  5 

fiv,  118.89  109.79  98.88 

Refractivity  Measurements. 


2 
88.93 


0.05 
0.10 
0.20 
0.50 


67*  12' 
66   57 
66   30 
65    20 


1.32616 
1.32735 
1.32949 
1.33518 


>Phys.  Rev.,  3,  277,  1896. 
<2^tschr.  pbys.  Chem.,  ii,  527,  1893. 
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The  salt  was  dried  for  twenty-four  hours  over  sulphuric  acid  in 
vacuo.  The  solutions  were  made  up  by  direct  weighing  and  dilu- 
tion. Owing  to  the  separation  of  the  hydrate,  freezing-point  meas- 
urements beyond  0.2N  were  impossible. 

Potassium  Carbonate^  ^^^0^  (ijS.j), 

Frening-point  Measurements, 


Aim 


V. 
flV. 


Conductivity  Measurements, 

20  10  5  2.5 

114.04  104.34         95.54       87.05 

RefractivUy  Measurements, 


1 
74.25 


0.5 
61.57 


m 

X 

n 

0.05 

67*  10' 

1.32632 

0.10 

66  54 

1.32758 

0.20 

66  26 

1.32980 

0.40 

65  35 

1.33395 

1.00 

63  18 

1.34553 

2.00 

60  12 

1.36219 

Boiling-point  Measurements, 


m 

A' 

Barom.  Presa. 

A'lm 

0.05 

0.055 

765.5  mm. 

1.100 

0.10 

0.102 

765.5 

1.020 

0.20 

0.194 

765.2 

0.970 

0.40 

0.378 

765.0 

0.945 

.1.00 

1.080 

764.5 

1.080 

2.00 

2.680 

764.5 

1.340 

»  Phys.  Rev.,  3,  278,  1896. 
•Ztschr.  phys.  Chem.,  X2,  623,  1893. 
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The  specimen  used  was  dried  for  six  days  in  vacuo  over  sulphuric 
acid.  The  mother-solution  was  made  up  by  direct  weighing  and 
the  lesser  concentrations  were  obtained  by  dilution. 

Phosphoric  Acid,  HjPO^  {Q^-Oj), 

The  acid  was  obtained  in  a  well-crystallized  condition.  It  was 
dissolved  in  pure  water  and  the  strength  of  the  solution  determined 
by  means  of  gravimetric  analysis,  the  phosphoric  acid  being  weighed 
as  magnesium  pyrophosphate. 

The  analysis  was  checked  by  means  of  a  pyknometric  determina- 
tion of  its  specific  gravity. 

Freezing-point  Measurements. 


A/m 


0.05 
0.06 
0.10 
0.15 
0.20 


Loomis.' 


2.490 
2.358 
2.249 


Jonea.^ 


2.65 
2.35 
2.32 


0.52 
1.04 
2.08 
3.12 


1.138 
2.475 
5.408 
9.463 


0.027 
0.007 
0.010 
0.008 


1.111 
2.468 
5.398 
9.455 


A/lM 


2.137 
2.373 
2.595 
3.030 


V, 

liv. 

15.39 
82.18 

Conductivity  Measurements, 

7.68           3.85          1.92         0.96 

62.06         50.38        42.92        37.70 

Refractivity  Measurements. 

0.48 
34.89 

0.32 
33.16 

m 

X 

n 

0.065 

67^  18' 

1.32570 

0.130 

67    12 

1.32616 

0.260 

66    55 

1.32750 

0.520 

66   30 

1.32949 

1.040 

65    39 

1.33362 

2.080 

64    00 

1.34191 

3.120 

62    30 

1.34974 

»Phys.  Rev.,  3,  279,  1896. 
*Ztschr.  phjrs.  Chem.,  12,  623,  1893. 
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Here,  as  in  all  similar  cases,  care  was  taken  to  dilute  an  appreci- 
able volume  of  the  mother-solution,  and  to  employ  a  large  volume 
of  the  diluted  solution  for  the  analysis.  From  the  standardized 
mother-solution  the  lesser  concentrations  were  obtained  by  dilution. 


Potassium  Di-hydrogen  Phosphate,  KHJ^O^  {136,17). 

The  specimen  used  was  dried  in  an  air-bath  for  three  days  at 
100°  C.  and  was  then  preserved  in  vacuo  over  sulphuric  acid.  The 
mother-solution  was  made  up  by  direct  weighing  and  the  lesser 
concentrations  obtained  by  dilution. 

Owing  to  the  slight  solubility  of  the  salt  it  was  found  to  be  im- 
possible to  extend  the  freezing-point  measurements  beyond  normal 
concentration. 

Freezing-point  Measurements, 


A/m 

m 

Loomia.' 

0.01 

3.58 

0.02 

3.60 

0.05 

3.48 

0.10 

3.37 

0.20 

3.22 

0.5 
1.0 

1.525 
2.800 

1.525 
0.020                    2.780 

3.050 
2.780 

Vfl. 

20.0 
51.00 

Com. 

10.( 
46. 

ductivity  Measurements, 

)             5.0             2.0             1.0 
71         42.45          38.24         32.21 

0.667 
26.98 

Refractivity  Measurements, 


0.05 

67»  15' 

0.10 

67    00 

0.20 

66   45 

0.50 

65    50 

1.00 

64    25 

1.50 

63    10 

—  —   —       ^ 

1.32593 
1.32711 
1.32829 
1.33272 
1.33978 
1.34623 


>Phys.  Rev.,  4,  284,  1897. 
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Sodium  Hydroxide^  NaOH  {40,06). 

The  mother-solution  of  sodium  hydroxide  was  made  from  a 
chemically  pure  specimen.  The  exact  strength  of  the  solution  was 
determined  by  titration  with  N/s  sulphuric  acid,  care  being  taken 
to  work  with  volumes  sufficiently  large  to  minimize  errors  in  dilu- 
tion and  burette  readings.  The  more  dilute  solutions  were  prepared 
by  diluting  the  mother-solutions.  The  solutions  were  used  as  soon 
as  possible  after  preparation  to  avoid  error,  owing  to  the  solvent 
action  of  the  alkali  on  the  glass  of  the  containing  bottles,  and  to 
the  absorption  of  carbon  dioxide  from  the  air. 


Frening'point  Measurements, 


A/m 


m             \                          Loomia.i 

Jonea.s 

0.02 
0.05 
0.10 
0.20 

3.46 
3.45 
3.41 
3.41 

3.56 
3.42 

m 

s 

k 

A                   1                 A/w 

0.52 
1.24 
1.86 
2.48 

2.175 
4.492 
7.175 
9.775 

0.026 
0.043 
0.036 
0.010 

2.149 
4.449 
7.139 
9.765 

3.466 
3.588 
3.838 
3.937 

V. 
flV. 


Conductivity  Afeasuretnents, 

16.0  8.0  2.0  0.81  0.54  0.40 

117.00  115.00  104.00         93.46         80.08  71.43 


Potassium  Hydroxide,  KOH  {56.6). 

Chemically  pure  potassium  hydroxide  from  alcohol  was  used  in 
the  preparation  of  the  mother-solution.  The  concentration  of  this 
original  solution  was  determined  by  titration  with  N/S  sulphuric 
acid,  and  the  dilutions  made  in  the  usual  manner.  The  same  pre- 
cautions were  taken  as  with  sodium  hydroxide,  to  prevent  the 
solutions  from  becoming  contaminated  with  silicates  and  carbonates. 

1  Phys.  Rev.,  4,  282,  1897. 
•Ztschr.  phys.  Chem.,  12,  623,  2893. 
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Freezing-point  Measurements. 


A/w 

m 

Loomia.^ 

Jonea.* 

0.05 

3.44 

3.58 

0.10 

3.43 

3.47 

0.20 

s 

3.43 

m 



k 

A 

! 

0.5 

1.810 

0.002 

1.808 

3.616 

1.0 

3.920 

0.039 

3.881 

3.881 

1.5 

5.975 

0.011 

5.964 

3.976 

2.0 

8.492 

0.006 

8.486 

4.243 

2.5 

11.308 

0.006 

11.302 

4.521 

Conductivity  measurements. 

V. 

16.0        8.0 

2.0 

1.0 

0.667         0.500          0.400 

ftV. 

125.30  122.80 

1 

18.40 

113.33    106.35        101.15 

97.40 
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1  Phys.  Rev.,  4,  282,  1897. 
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Summary. 


From  the  work  that  was  done  previous  to  this  investigation,  and 
from  the  data  here  presented,  it  is  seen  that  with  but  few  exceptions 
electrolytes  in  general  give  abnormal  molecular  depressions  of  the 
freezing-point  in  concentrated  solutions.  Among  these  exceptions* 
are  sodium,  potassium  and  ammonium  nitrates,  and  potassium  di- 
hydrogen  phosphate. 

Among  the  chlorides  we  observe  that  those  of  the  second  group 
in  the  periodic  system  give  greater  molecular  depressions  than  those 
of  the  first  group.  We  also  observe  that  the  curve  for  hydro- 
chloric acid  lies  considerably  above  the  corresponding  curves  for 
lithium,  ammonium,  sodium  and  potassium  chlorides.  The  rela- 
tion between  lithium  and  the  members  of  the  second  group  is  clearly 
shown  by  the  curves  for  lithium  chloride  and  lithium  nitrate,  which 
resemble  the  curves  for  the  corresponding  salts  in  the  second  group 
more  closely  than  the  analogues  of  the  first  group.  The  relation  is 
very  marked  in  the  case  of  lithium  nitrate. 

Owing  to  limited  solubility  the  study  of  the  sulphates  at  great 
concentration  was  not  possible,  so  that  it  cannot  be  stated  whether 
or  not  these  salts  exhibit  the  phenomenon. 

In  general  we  may  say  that  the  freezing-point  curve  for  any  acid 
lies  above  those  of  the  salts  which  it  forms  with  the  metals  of  the 
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first  group,  while  it  lies  below  the  curves  for  its  second  group  salts. 
Further,  it  will  be  seen  that  the  molecular  depressions  for  similar 
substances  are  arranged  in  the  order  of  their  molecular  weights. 
The  conductivity  curves  for  all  of  the  substances  studied  are  per- 
fectly normal  throughout,  showing  absolutely  no  peculiarities  in  the 
region  of  dilution  where  the  minimum  of  molecular  depression  mani- 
fests itself  The  refractivity  curves  are  nearly  straight  lines.  In 
the  few  boiling-point  curves  which  are  given  there  is  a  more  or 
less  marked  minimum,  but  as  has  already  been  pointed  out,  no 
great  reliance  can  be  placed  upon  the  results  obtained  by  the  boil- 
ing-point method. 

Conclusion. 

The  results  obtained  in  this  investigation  can  all  be  explained 
satisfactorily  by  the  suggestion  put  forward  by  Jones  and  Cham- 
bers. We  have  attempted  other  explanations.  The  nature  of 
many  of  the  freezing-point  curves  suggests  the  curves  obtained  by 
Amagat  *  for  gases.  To  these  freezing-point  curves  we  attempted 
to  apply  the  well-known  equation  of  Van  der  Waals : 


[^t>-^^iv-b-)^RT. 


It,  however,  soon  became  obvious  that  without  some  radical 
modifications  this  equation  could  not  be  used. 

Other  suggestions  met  the  same  fate  when  tested  by  the  exper- 
imentally established  facts. 

It  should  be  added  that  the  boiling-point  determinations,  as  far 
as  they  have  any  value,  point  to  the  correctness  of  the  suggestion 
that  there  are  hydrates  formed  in  concentrated  solutions.  The 
boiling-point  curves  show  a  minimum  corresponding  to  the  freezing- 
point  curves.  The  minimum  in  the  boiling-point  curves^  however^ 
is  at  greater  concentration  than  in  the  freezing-point  curves.  This 
is  just  what  we  should  expect  if  the  suggestion  of  the  existence  of 
hydrates  in  such  solutions  was  correct.  At  the  higher  tempera- 
ture the  hydrates  would  be  less  stable,  and  would  require  greater 
concentration  for  their  formation  than  at  the  lower  temperature. 

lAnn.  Chim.  Phys.  [5],  19,  379,  1880. 
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Another  strong  line  of  evidence  in  favor  of  the  existence  of 
hydrates  in  concentrated  solutions  of  electrolytes  is  the  relation  be- 
tween the  water  of  crystallisation  and  the  magnitude  of  the  abnormal 
freezing-point  lowerings.  If  hydrates  exist  in  such  solutions  we 
should  expect  tltose  substatues  that  crystallize  with  the  greatest  amount 
of  water  to  be  the  ones  tltat  would  form  in  solution  the  most  complex 
hydrates.  That  such  is,  in  general,  the  fact,  can  be  seen  at  once 
from  Figs.  3,  4  and  5.  Take  Fig.  3,  the  chlorides  of  potassium, 
ammonium  and  sodium  have  no  water  of  crystallization  and  give 
smaller  lowering  of  the  freezing-point  of  water  than  lithium  chloride 
which  crystallizes  at  low  temperatures  with  two  molecules  of  water ; 
lithium  chloride,  in  turn  gives  smaller  lowering  of  the  freezing- 
point  than  barium  chloride  which  crystallizes  at  ordinary  tempera- 
tures with  two  molecules  of  water.  The  chlorides  of  calcium  and 
strontium,  each  with  six  molecules  of  water  of  crystallization,  give 
still  greater  lowering  of  the  freezing-point  of  water. 

When  we  turn  to  Fig.  4,  similar  relations  appear.  Potassium, 
ammonium  and  sodium  nitrates  have  no  water  of  crystallization  and 
all  show  comparatively  small  lowering  of  the  freezing-point  of 
water.  Lithium  nitrate  with  two  and  one  half  molecules  of  water 
of  crystallization  gives  much  greater  lowering  of  the  freezing-point 
of  water  than  the  remaining  alkali  nitrates ;  and  it  will  be  shown 
later  by  data  now  in  hand,  that  the  nitrates  of  the  alkaline  earths, 
with  a  greater  number  of  molecules  of  water  of  crystallization,  give 
still  greater  freezing-point  lowering. 

If  we  turn  to  Fig.  5,  we  see  that  sodium  sulphate  has  water  of 
crystallization,  but  the  quantity  depends  on  the  conditions,  and  all 
of  its  water  is  held  in  very  unstable  equilibrium.  The  same  remarks 
apply  to  sodium  carbonate  in  Fig.  6. 

A  large  number  of  similar  relations  will  be  pointed  out  in  our 
next  paper  in  the  American  Chemical  Journal,  April,  1904,  and  we 
have  found  many  other  relations  of  a  similar  character  brought 
out  by  data  now  in  hand,  and  which  will  be  published  in  a  few 
months. 

All  in  all,  the  relations  are  so  clean  cut  and  unambiguous  that 
we  now  do  not  hesitate  to  accept  the  conclusion  that  hydrates  exist 
in  concentrated  solutions  of  electrolytes. 
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We  have  gone  farther  and  calculated  the  composition  of  such  hy- 
drates for  a  number  of  substances,  and  the  change  in  the  composi- 
tion of  the  hydrates  of  a  given  substance  with  change  in  the  dilu- 
tion of  the  solution. 

These  results  were  plotted  as  curves  and  will  soon  be  published.^ 
The  curves  expressing  the  relation  between  the  composition  of  the 
hydrates  and  the  concentration  of  the  solutions,  came  out  surpris- 
ingly smooth  when  we  consider  that  every  point  on  the  curve  con- 
tains no  less  than  four  experimentally  determined  values. 

All  things  considered,  then,  the  view  which  explains  very  satisfac- 
torily our  results  is  that  originally  suggested  by  Jones  and  Chambers, 
viz.,  that  in  the  concentrated  solutions  there  is  combination  between 
the  molecules  of  the  dissolved  substance  and  the  molecules  of  the 
solvent,  thus  removing  a  part  of  the  solvent,  as  far  as  freezing-point 
lowering  is  concerned. 

To  explain  the  conductivity  result  it  is  also  necessary  to  assume 
that  there  is  a  certain  amount  of  electrolytic  dissociation,  together 
with  the  hydration,  existing  in  these  solutions. 

We  are  extending  this  investigation  to  solvents  other  than  water, 
to  see  whether  a  similar  phenomenon  manifests  itself  with  non- 
aqueous solvents,  and  shall  also  study  a  much  larger  number  of 
electrolytes  in  aqueous  solution. 

Chemical  Laboratory,  Johns  Hopkins  University, 
November,  1903. 

^Amer.  Chem.  Jour.,  April,  1904. 
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A  METHOD  FOR  THE  DETERMINATION  OF  COEFFI- 
CIENTS OF  MUTUAL  INDUCTION. 

By  a.  Trowbridge. 

THE  principal  methods  for  the  determination  of  coefficients  of 
mutual  induction  fall  into  three  groups  : 

1.  By  comparison  with  self  induction  (which  may  be  separately 
determined  in  absolute  measure).^ 

2.  By  comparison  with  electrostatic  capacity.' 

3.  By  comparison  with  ohmic  resistance.^ 

The  first  two  are  zero  methods  —  the  third  is  not,  as  it  involves 
the  use  of  a  ballistic  galvanometer. 

For  some  time  past  I  have  been  using  a  method  in  the  laboratory 
which  falls  into  group  i  and  which  has  proved  so  satisfactory  both 
as  regards  accuracy  and  simplicity  that  I  publish  it,  thinking  it 
may,  for  these  reasons,  commend  itself.  The  very  simplicity  of  the 
method  made  me  at  first  suspect  that  it  must  have  been  adopted  by 
others  but  on  going  over  the  literature  of  the  subject  as  thoroughly 
as  I  am  able,  I  find  no  description  of  the  method. 

Two  coils  of  mutual  inductance  M  and  of  self-inductances  L^  and 
Zj  when  joined  in  series  with  the  windings  in  the  same  direction 
are  equivalant  to  a  single  coil  of  self-inductance  equal  to  the  sum 
of  the  coefficients  of  self-induction  increased  by  twice  the  coefficient 
of  mutual  induction. 

When  the  coils  are  joined  in  series  so  that  the  lines  of  force  from 
one  oppose  the  lines  from  the  others,  the  system  is  equivalent  to  a 
single  self-inductance  equal  to  the  sum  of  the  coefficients  of  self- 
induction  diminished  by  twice  the  coefficient  of  mutual  induction. 

The  •two  coils  (provided  with  a  commutator  for  reversing  the 
direction  of  the  current  through  one  of  them)  may  be  put  in  one 
branch  of  a  Wheatstone  bridge,  the  other  branches  of  which  con- 
sist of  two  noninductive  resistances  and  a  variable  standard  of  self- 
induction. 

1  See  Maxwell,  "Electricity  and  Magnetism,"  Vol.  IT.,  365,  or  Carhart  and  Patter- 
son, **  Electrical  Measurements,"  p.  272. 
«See  Carey- Foster.  Phil.  Mag.,  23,  121. 
3See  Glazebrook,  Phil.  Trans.,  18S3. 
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A  balance  for  steady  currents  and  for  variable  currents  being  ob- 
tained when  the  currents  are  in  the  same  direction  through  the  two 
coils  gives  Z'  =  it^  +  2M+L^. 

Repeating  the  balancing  when  the  currents  are  in  opposite  direc- 
tions through  the  two  coils  gives  Z"  =  Zj  —  2M+  Z,. 

Combining  these  expressions  gives  Z'  —  Z"  =  4M  or  M=s  j^ 
(Z'  —  Z").  Thus  M  is  got  simply  from  the  difference  in  the  set- 
tings of  the  variable  standard  of  self-induction  in  the  two  cases. 

If  such  a  standard  is  not  available  the  determination  of  M  be- 
comes more  tedious  and  may  be  effected  as  follows  :  A  coil  of 
self-inductance  Z  may  be  prepared  and  used  as  a  substitute  for  the 
variable  standard  mentioned  above.  It  is  well  to  choose  the  value 
of  Z  about  intermediate  between  Z'  and  Z". 

By  the  bridge  method  the  ratios  of  Z'  to  Z  and  of  Z"  to  Z  may 
be  found  —  calling  these/  and  ^,  respectively,  the  expression  Af=s 
1/4  (Z'  —  Z")  becomes  M^L/4  (p  —  g). 

If  Z  be  determined  by  balancing  against  electrostatic  capacity 
then  M  may  be  calculated  since  /  and  q  are  numerical  expressions 
obtained  by  the  use  of  the  bridge. 

In  the  following  table  are  given  the  results  of  a  series  of  observa- 
tions to  determine  the  coefficients  of  mutual  induction  of  a  certian 
pair  of  coils.  Those  obtained  with  the  aid  of  a  variable  standard 
are  given  in  column  I.  Those  obtained  in  the  manner  just  de- 
scribed are  given  in  the  second  column. 

As  a  basis  of  comparison  of  the  results  obtainable  by  the  method 
of  reversing  the  coils  with  those  obtainable  by  the  same  observer 
using  some  of  the  standard  methods  the  coefficient  of  the  coils  was 
determined  by  the  Maxwell  method  (group  i),  by  the  Carey- 
Foster  Method  (group  2)  and  by  the  Glazebrook  method  (group  3). 

The  results  are  given  in  the  third,  fourth  and  fifth  columns  of 
the  tables.  The  departures  of  the  individual  observations  from  the 
mean  are  also  shown  in  each  case. 

The  mutual  induction  consisted  two  similar  circular  brass  frames 
93.3  mm.  in  diameter,  the  annular  region  in  which  the  wire  was 
wound  being  56.7  mm.  in  the  plane  of  the  windings  and  22  mm. 
at  right  angles  to  it. 

Each  coil  consisted  of  23  turns  per  layer  and  20  layers  of  No. 
20  copper  wire. 
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The  resistance  and  self-inductance  of  each  coil  were  respectively, 
6.40  ohms  and  0.0330  Henry. 

All  necessary  precautions  were  taken  to  prevent  the  disturbing 
effects  of  thermal  electromotive  forces  and  of  direct  magnetic  action 
of  the  coils  on  the  galvanometer.  The  results  given  in  the  first 
four  columns  of  the  table  were  obtained  by  the  use  of  a  Thomson 
astatic  galvanometer  of  1070  ohms  resistance  and  of  sensibility  of 
the  order  of  io~®  amperes. 

The  results  shown  in  the  last  column  were  obtained  by  the  use 
of  a  Nalder  pattern  ballistic  galvanometer  of  2400  ohms  resistance 
of  high  sensibility  adjusted  to  a  period  of  about  5  seconds. 

Table  of  determinations  of  M  in  Henrys  by  the  various  methods. 


I. 

II. 

III. 

IV. 
0.01547 

V. 

0.01535 

0.01560 

0.01567 

0.01528 

0.01545 

0.01530 

0.01564 

0.01568 

0.01504 

0.01540 

0.01530 

0.01542 

0.01590 

0.01499 

0.01535 

0.01507 

0.01510 

0.01545 

0.01528 

0.01548 

0.01570 

0.01564 

0.01490 

0.01470 

Average,    0.01540 

0.01539 

0.01549 

0.01548 

0.01506 

Table  of 

departures  of  im 

dividual  values 

from  the  mean. 

I. 

II. 

III. 

IV. 

V. 

-0.00005 

+0.00021 

+0.00018 

-0.00001 

+0.00022 

40.00005 

-0.00009 

+0.00015 

+0.00020 

-0.00002 

iO.OOOOO 

-0.00009 

-0.00007 

+0.00042 

-0.00007 

-0.00005 

-0.00013 

-0.00039 

-0.00003 

+0.00022 

+0.00008 

+0.00031 

+0.00015 

-0.00050 

-0.00036 

Average,     0.00005 

0.00021 

0.00019 

0.00023 

0.00018 

I  am  indebted  to  Miss  Georgiana  M.  Whitcomb  for  her  very  con- 
scientious work  in  obtaining  the  data  contained  in  the  table. 

It  appears  that  with  the  ordinary  appliances  of  a  laboratory 
equipped  for  advanced  electrical  measurements  the  first  method  is 
the  most  accurate,  while  the  others  show  about  an  equal  accuracy. 

As  regards  the  time  required  to  perform  the  experiment,  the  first 
method  has  a  very  decided  advantage. 

Physical  Laboratory  of  the  University  of  Wisconsin, 
November,  1903. 
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THE   THEORY   OF   THE   COMPOUND   PENDULUM: 
CORRECTION. 

By  Robert  R.  Tatnall. 

IN  my  paper  on  the  Theory  of  the  Compound  Pendulum,  in  the 
Physical  Review  for  December,  1903,  I  desire  to  correct  an  error, 
pointed  out  by  my  friend  Lloyd  Balderston,  Jr.,  of  the  University  of 
Pennsylvania. 

After  indicating  the  existence  of  a  minimum  period  for  a  certain  posi- 
tion of  the  sliding  bob,  between  the  centers  of  suspension  and  oscillation, 
I  have,  on  p.  461,  interpreted  this  fact  to  mean  that  a  particle  added 
below  this  minimum  point  would  shorten  the  period,  while  a  particle 
added  higher  up  would  lengthen  the  period.  This  is  a  mistake,  since  a 
particle  added  anywhere  between  the  centers  of  suspension  and  oscillation 
will  shorten  the  period,  though  the  effect  diminishes  as  the  point  of 
attachment  approaches  either  of  these  centers,  but  nowhere  changes  sign 
within  these  limits.  The  same  error  appears  again  on  p.  463,  where  it 
is  implied  that  the  example  quoted  from  Routh  is  inconsistent  with  the 
fact  of  minimum  period.  There  is,  of  course,  no  such  inconsistency. 
The  insertion  of  the  two  paragraphs  concerned  was  entirely  gratuitous, 
and  the  error  thus  introduced  in  no  way  affects  the  main  argument  of  the 
paper,  or  the  experimental  evidence  upon  which  it  is  established. 

Mr.  L.  B.  Tuckerman,  Jr.,  of  Ohio  State  University,^  has  kindly 
pointed  out  that  no  imaginary  values  oi  x  can  occur  in  equation  (5). 
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PROCEEDINGS 


American  Physical  Society. 

On  the  Character  of  the  Radiation  from  Ordinary  Metals.* 
By  E.  F.  Burton,  B.A. 

Experiments  made  by  a  number  of  investigators  *  have  shown  that 
the  conductivity  of  a  mass  of  air  confined  in  a  closed  metallic  vessel 
depends  upon  the  nature  of  the  material  of  which  the  walls  of  the  vessel 
are  made.  Patterson  included  in  his  experiments  in  this  connection  the 
determination  of  the  conductivity  of  air  at  different  pressures  and  found 
but  little  variation  when  using  a  small  sheet-iron  cylinder  as  the  con- 
taining vessel  when  the  pressure  was  reduced  from  one  to  about  one 
third  of  an  atmosphere ;  below  a  pressure  of  one  third 
'TL^  EARTH  of  an  atmosphere  he  found  the  conductivity  approxi- 
'  l]  [p  *  .  mately  proportional  to  the  density  of  the  air.  From 
his  results  he  deduced  the  conclusion  that  the  con- 
ductivity of  the  confined  air  was  probably  due  to  the 
existence  of  an  easily  absorbed  radiation  from  the 
walls  of  the  receiver.  In  the  conjoint  paper  by  Pro- 
fessor McLennan  and  myself  the  results  of  a  set  of 
observations  are  given  which  fail  to  confirm  the  con- 
clusions of  Patterson.  In  our  investigation  it  was 
found  that  the  conductivity  of  ordinary  air  enclosed 
in  a  large  galvanized-iron  cylinder  varied  directly  as 
the  density  over  a  range  of  pressures  extending  from 
^  500  to  5  cm.  of  mercury.  From  this  result  we  were 
led  to  conclude  that  the  conductivity  of  the  enclosed 
air  was  in  a  great  measure  due  to  a  radiation  not  easily  absorbed.  Fur- 
ther experiments  showed  that  part  of  this  penetrating  radiation,  at  least, 
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1  Abstract  of  a  paper  presented  at  the  meeting  of  the  Physical  Society  held  on  Decem- 
ber 30,  1903. 

*  McLennan  and  Burton,  American  Physical  Society,  Dec,  1902.  Patterson.  Proc 
Camb.  Phil.  Soc..  XII.,  p.  44.      Strutt,  Nature,  Feb.  19,  1903. 
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had  its  source  outside  of  the  cylinder  —  a  result  confirmed  by  the  ex- 
periments of  Rutherford  and  Cook/ 

The  object  of  the  experiments  described  in  the  present  paper  was  to 
cut  off  entirely,  if  possible,  this  penetrating  radiation  from  an  external 
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Fig.  2. 

source  and  to  determine  the  nature  of  the  remaining  radiation  from  the 
walls  of  the  containing  vessel. 

The  apparatus  used  was  similar  to  that  adopted  in  the  experiment, 
referred  to  above.  The  air  was  enclosed  in  a  cylinder  of  galvanized  irons 
125  cm.  long  and  30  cm.  in  diameter,  such  as  that  shown  in  Fig.  i. 
Into  a  tube  Ay  about  20  cm.  long,  fastened  into  the  top  of  the  cylinder 
was  fitted  an  ebonite  plug  about  5  cm.  in  diameter.  A  brass  tube  B 
was  passed  through  this  and  into  B  a.  second  ebonite  plug  was  tightly 
fitted.  The  second  plug  carried  a  brass  rod  C  which  extended  almost  to 
the  bottom  of  the  cylinder.  The  brass  tube  B,  which  was  earthed 
throughout  the  measurements,  served  as  a  guard  tube  and  prevented  any 
leak  from  the  cylinder  to  the  rod  C  across  the  ebonite  plugs.  The  rod 
C  was  connected  to  a  sensitive  electrometer  and  the  cylinder  was  kept 
charged  to  about  240  volts.  The  conductivity  was  measured  by  deter- 
mining the  saturation  current  through  the  enclosed  air  to  the  brass  rod. 
In  the  attempts  to  cut  off  the  external  radiation  the  cylinder  was  im- 
mersed successively  in  water  contained  in  tanks  of  different  sizes,  the 
whole  being  carefully  insulated. 

Tanks  of  three  sizes  were  employed  so  as  to  give  screens  of  water  of 
thickness  10.5  cm.,  24  cm.,  and  60  cm.  respectively.  The  decrease  in 
the  conductivity  in  each  case  is  shown  in  Table  I. 

*  Rutherford  and  Cook,  American  Physical  Society,  Dec. ,  1902.  Cook,  Phil.  Mag. , 
Oct.,  1903,  p.  403. 
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Table  I. 


Thickness  of  Screen  of  Water. 

10.5  cm. 

24 

60 


Decrease  in  Conductivity. 

11.9  per  cent 
15.4        " 
32.4       " 


These  values,  which  are  approximately  proportional  to  the  thickness  of 
the  water  layers  surrounding  the  cylinder,  are  exhibited  by  the  curve  in 
Fig.  2,  which  shows  that  a  water  envelope  of  considerably  greater  thick- 

Table  II. 


Pressure  in  mm. 

Current  —  Arbitrary 
Scale. 

752 

20.8 

652 

19.84 

548 

18.3 

444 

15.8 

347 

14.9 

Pressure  in  mm. 


,   Current  —  Arbitrary 
I  Scale. 


238 

142 

49 

19 


10.6 
6.8 
2.7 
1.36 


ness  than  6o  cm.  would  be  required  in  order  to  cut  off  completely  the 
penetrating  radiation.  As  apparatus  suitable  for  this  purpose  was  not 
available,  the  experiments  with  water  screens  were  not  carried  further. 
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Fig.  3. 

While  the  cylinder  was  immersed  in  the  largest  tank  the  pressure  was 
reduced  from  752  mm.  of  mercury  to  19  mm.  and  the  conductivity  meas- 
ured at  various  pressures;     The  values  given  in  Table  II.  and  represented 
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graphically  in  Fig.  3  show  that  again  the  conductivity  is  almost  exactly 
proportional  to  the  pressure  and  that,  therefore,  the  remaining  conductivity 
was  due  rather  to  a  penetrating  radiation  than  to  one  easily  absorbed. 

My  most  sincere  thanks  are  due  to  Professor  McLennan,  under  whose 
kind  supervision  the  work  was  carried  out. 
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NEW  BOOKS. 

Light  for  Students.     By  Edwin  Edser.    London,  Macmillan.  1902. 

Pp.  574,  12. 

This  book  has  been  written,  according  to  the  author's  own  statement 
in  the  preface,  to  meet  the  requirements  of  students  who  wish  to  obtain 
an  accurate  and  comprehensive  knowledge  of  geometrical  and  physical 
optics.  The  mathematical  investigations  have  been  rendered  as  simple 
as  possible,  the  desire  being  to  direct  the  attention  to  the  physical  aspect 
of  the  subject.  The  first  218  pages  are  devoted  to  the  presentation  of 
geometrical  optics  and  the  theory  of  optical  instruments.  The  treat- 
ment of  this  branch  of  the  science  is  clear,  simple,  complete,  and  in 
every  way  satisfactory. 

The  remaining  356  pages  treat  of  the  physical  optics.  In  this  portion 
of  the  book  the  author  has  included  full  explanations  of  many  points 
not  usually  dealt  with  in  works  of  similar  scope,  such  as  the  investigation 
of  the  velocity  of  transverse  waves  in  an  elastic  solid,  and  Sellmeier's 
theory  of  dispersion.  He  has  however,  found  it  impossible  to  include 
any  mention  of  the  electromagnetic  theory.  Although  the  electro- 
magnetic theory  is  not  discussed,  electrons  are  introduced  as  the  source 
of  light  waves  on  page  337  ;  and,  on  page  348,  we  are  told  that  **  electric 
waves  appear  to  be  exactly  similar  to  the  waves  producing  ultraviolet, 
visible,  and  infra-red  spectra."  Also  the  mechanical  pressure  of  light, 
which  does  not  exist  in  the  elastic  solid  theory  of  light,  receives  an 
interesting  and  satisfactory  presentation  on  page  361. 

Viewed,  however,  from  the  author's  standpoint,  namely  that  of  im- 
parting accurate  knowledge,  the  value  of  the  book  is  great,  since  it  is  a 
veritable  storehouse  of  accurate  and  modem  information.  Hence  it  is 
indispensible  as  a  book  of  reference,  to  the  physicist  and  optician.  We 
must  however  confess  that  we  think  its  field  of  usefulness  would  have 
been  much  wider  if  more  attention  had  been  given  to  the  imaginative 
side  of  the  subject. 

On  page  457,  the  numerical  value  of  the  resolving  power  is  given  as 
only  half  as  great  as  it  should  be,  /.  ^.,  it  is  found  to  be  Nnfi  instead 
of  Nn, 

C.  R.  Mann. 
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THE   METALLIC    REFLECTION   OF   SELENIUM. 
By  C.  K.  Edmunds. 

Introduction. 
I.   Object, 

MUCH  recent  work  has  been  done  on  the  verification  of  modern 
dispersion  formulae  as  applied  to  substances  having  absorp- 
tion bands  in  the  visible  or  infra-red  regions  of  the  spectrum.  Very 
little  has  been  done  on  substances  possessing  absorption  banda  be- 
ginning in  the  visible  region  and  extending  out  into  the  ultra-violet. 
Since  selenium  is  a  substance  of  this  type  the  determination  of  its 
dispersion  curve  is  of  interest. 

The  dispersion  curve  for  wave-lengths  within  the  absorption  band 
can  not  be  directly  determined  and  recourse  must  be  had  to  the  in- 
direct method  of  metallic  reflection  for  determining  the  indices  of 
refraction  and  absorption  in  terms  of  the  constants  of  elliptical 
polarization,  assuming  some  formula  of  connection,  several  of  which 
have  been  developed  by  various  investigators.  This  has  recently 
been  done  most  successfully  by  Pfliiger  for  cyanin,  which  has  a 
strong  absorption  in  the  green.  His  work  shows  a  very  satisfactory 
verification  of  the  Ketteler-Helmholtz  formula  for  dispersion  and 
Cauchy's  formulae  for  metallic  reflection. 

The  metallic  reflection  of  selenium  is  of  interest  because  it  is  on 
the  border  line  between  transparent  and  true  metallic  media,  and  it 
is  from  media  occupying  such  an  intermediate  position  that  much  is 
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to  be  learned  concerning  the  true  nature  of  metallic  reflection. 
**  Vitreous  selenium "  reflects  blue  and  violet  light  metallically 
and  the  longer  wave-lengths  vitreously.  By  passing  it  over  into 
the  allotropic  form  known  as  **  metallic  selenium,"  it  behaves  more 
like  a  true  metal  for  all  wave-lengths,  at  least  in  the  visible 
spectrum. 

It  is  the  object  of  this  paper,  after  briefly  recounting  the  previous 
work  on  selenium,  to  determine  just  how  the  reflection  from 
vitreous  selenium  assumes  more  and  more  of  the  characteristics 
of  true  metallic  reflection  as  the  wave-length  of  the  incident  light 
is  decreased.  The  phase-condition  and  azimuth  of  restored  polariza- 
tion of  the  reflected  light  will  be  studied  at  various  incidences  for 
three  different  wave-lengths.  The  changes  in  these  characteristics 
of  the  reflection  will  be  noted  as  the  selenium  is  transformed  from 
the  vitreous  to  the  metallic  form.  The  data  thus  secured  will  be 
interpreted  analytically  in  order  to  secure  values  of  the  indices  of 
refraction  and  absorption  to  compare  with  those  determined  directly 
by  other  workers. 

The  improvements  in  the  methods  of  spectrophotometry  in  recent 
years  have  given  a  very  satisfactory  way  of  testing  the  formulae  for 
the  reflecting  power  of  media  whose  indices  of  refraction  and  ab- 
sorption are  known.  Murphy*  in  1897  verified  Fresnel's  reflection 
formulae  for  glass  as  a  type  of  transparent  media,  but  so  far  as  I 
know,  no  photometric  verification  in  the  case  of  an  absorbing 
medium,  for  various  angles  of  incidence  and  various  wave-lengths, 
has  been  attempted.  It  becomes,  then,  the  object  of  the  second  part 
of  this  paper  to  verify  Cauchy*s  formujae  (page  203)  for  the  intensity 
of  the  light  reflected  from  metallic  media,  by  means  of  observations 
with  a  Brace  spectrophotometer. 

2.  Forms  of  Selenium. 
The  properties  and  transformations  of  the  allotropic  forms  of 
selenium  have  been  treated  recently  by  Saunders.*     Three  forms 
are  recognized:     (i)   Liquid   (including  vitreous,  amorphous  and 

>  Murphy.  Astro.  Phys.,  Jan.  6,  l-io,  1897. 

«  A.  P.  Saunders,  Jour.  Phys.  Chem.,  IV.,  No.  2,  June,  1900,  pp.  4237513.  A  fairly 
complete  bibliography  on  selenium  is  included.  Some  references  given  in  this  paper  are 
omitted  by  Saunders. 
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soluble  selenium) ;  (2)  crystalline  red,  (including  perhaps  two 
closely  allied  forms)  ;  (3)  crystalline  gray  or  metallic.  The  vitre- 
ous and  metallic  forms  alone  are  of  interest  in  the  present  research, 
and  since  previous  workers  have  not  been  uniformly  clear  as  to 
which  form  of  selenium  they  employed,  or  as  to  the  precise  treat- 
ment of  their  mirror  surfaces,  I  shall  state  briefly  the  general  char- 
acteristics of  these  two  forms. 

The  first  form  has  the  properties  of  an  ordinary  liquid  above 
220°  C;  below  this  it  becomes  more  and  more  viscous,  remains 
soft  down  to  about  60°,  and  at  30°-40°  gets  quite  hard  and  brit- 
tle, showing  a  red  streak.  In  this  form  it  is  called  vitreous  sele- 
nium from  its  conchoidal  and  brilliant  fracture.  Amorphous  sele- 
nium is  the  state  in  which  the  element  separates  from  solutions  of 
selenious  acid  on  reduction,  forming,  when  dry,  an  impalpable  red 
powder  with  no  trace  of  crystallinity.  The  amorphous  form  re- 
sults whenever  a  deposit  is  secured  from  vaporized  selenium,  and 
the  thin  films  of  selenium  secured  by  cathode  deposit  are  also  of 
the  amorphous  variety.  Finely  powdered  vitreous  selenium  cannot 
be  distinguished  from  the  amorphous  variety ;  and  conversely, 
amorphous  selenium  when  warmed  to  40^-50°  C.  darkens  in  color 
and  coagulates  to  a  soft  mass  which,  on  cooling,  becomes  hard  and 
brittle,  assuming  somewhat  the  fracture  of  the  vitreous  form. 

Gray  crystalline  or  metallic  selenium  is  obtained  from  any  of  the 
other  forms  at  higher  temperatures  ;  in  presence  of  certain  liquids, 
the  change  takes  place  even  at  ordinary  temperatures.  This  is  the 
stable  form  of  selenium  at  all  temperatures  from  ordinarj*^  tempera- 
tures to  the  melting  point.  The  other  forms  are  unstable,  the  red 
crystalline  representing  an  intermediate  stage  between  "liquid" 
and  metallic  selenium.  The  reverse  transformation  from  metallic 
into  any  other  form  is  not  possible  below  217°  C.  With  lapse  of 
time  the  vitreous  form  passes  gradually  over  into  the  gray  crystal- 
line or  metallic  form.  The  change  in  the  optical  properties  accom- 
panjring  this  transition  is  illustrated  by  the  observations  on  fresh 
and  old  mirrors. 

While  the  preliminary  and  check  observations  in  this  research 
were  made  with  mirrors  of  commercial  selenium,  which  is  the  vitre- 
ous modification   and    contains   considerable   sulphur  and    some 
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tellurium  as  impurities,  the  mirrors  for  which  the  final  values  are 
given  were  made  of  chemically  pure  vitreous  selenium.  Some  of 
the  mirrors  were  converted  into  the  metallic  form  in  a  manner  des- 
cribed later. 

3.  Optical  Properties  of  Selenium,  Emission  and  Absorption  Spectra, 
Historical,  —  The  previous  work  on  the  optical  properties  of  sele- 
nium has  comprised  observations  of  the  emission  and  absorption 
spectra  of  selenium  vapor,  the  constants  of  elliptical  polarization  of 
light  reflected  from  selenium  mirrors,  and  the  determination  of  its 
refractive  index  directly  and  indirectly.  Recently,  while  this  re- 
search was  under  way,  Nutting  has  published  values  of  the  reflec- 
tion coefficient  for  different  wave-lengths. 

In  1863  Werther*  noted  the  similarity  between  the  spectra  of 
selenium  and  lead.  Ditte'  (1871)  found  well-marked  yellowish- 
green  lines  in  the  selenium  spectrum  toward  the  E  line,  and  also 
two  brilliant  blue  bands  near  the  G  line.  The  work  of  Salet  and  of 
Plucker  and  Hittorf  *  is  summarized  in  the  British  Association  Re- 
ports for  1884.  The  series  spectra  of  selenium,  showing  principally 
triplets,  was  investigated  by  Runge  and  Paschen*  in  1897  and  its 
analogy  with  the  series  spectra  of  oxygen  and  sulphur  was  noted. 
The  absorption  spectrum  of  selenium  vapor  was  studied  by  Salet 
(1871)  and  Gernez  (1872),  and  it  was  found  that  white  light  passed 
through  a  porcelain  tube  containing  selenium  heated  in  an  atmos- 
phere of  dry  carbonic  anhydride  is  gradually  absorbed  from  the 
violet  up  to  the  red,  without  any  appearance  of  black  lines  ;  on  rais- 
ing the  temperature  considerably  the  spectrum  becomes  brighter 
and  dark  bands  appear  furrowing  the  blue  and  violet. 

Historical  Account  of  the  Work  on   Metallic   Reflection 

OF  Selenium. 

The  earliest  work  on  the  metallic  reflection   of  selenfum,  as  far 

as  I    have  found,  is   that   of  Jamin  *    (185c),   who    records   the 

»Werther,  J.  pr.  Chem.,  88,  pp.  180-181,  1863. 

«Ditte,  Comp.  Rend.,  73,  p.  622,  1871;  Chem.  Soc.  Jour.  (2),  9,  p.  II46,  1871. 

»  Brit.  Assoc.  Rep.,  1884,  pp.  440,  441. 

•  Runge  and  Paschen,  Wied.  Ann.  61,  p.  641-686,  1897;  also  Astro.  Phys.  Jour.,  8, 
pp.  70-101,  1898. 

*  Jamin,  Ann.  de  Chim.  d.  Phys.,  29,  p.  303,  1850. 
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value  of  the  principal  incidence,  the  coefficient  of  ellipticity  and  the 
ratio  of  amplitudes  of  the  principal  incidence,  for  a  single  wave- 
length. 

Quincke  (1874)  determined  the  principal  incidence  and  principal 
azimuth  for  a  number  of  metals,  including  selenium,  by  a  modifica- 
tion of  Brewster's  double  mirror  method.*  Though  not  so  stated, 
his  mirrors  were  in  all  probability  of  vitreous  selenium.  Just  before 
observation  they  were  polished  with  buckskin  and  a  pinch  of  jewel- 
er's rouge  (p.  342,  loc.  cit.).  Quincke's  values  of  the  principal 
azimuth  are  much  higher  than  those  of  other  observers,  and  the 
dispersion  curve  deduced  from  his  results  by  Ketteler*  gives  a 
steadily  rising  refractive  index  {n)  with  increasing  wave-length, 
which  is  contrary  to  all  other  observations,  to  be  discussed  pres- 
ently. Some  experiments  looking  toward  a  possible  explanation 
of  this  discrepancy  will  be  mentioned  later  on. 

Glan^  in  1879  studied  the  change  in  phase  of  monochromatic 
red  light  upon  reflection  from  selenium  surfaces  by  the  method  of 
Newton's  rings  for  their  films.  He  used  vitreous  selenium  melted 
between  glass  plates.  His  angles  of  incidence  ranged  from  1 8  °  to  70°, 
and  his  results  show  no  great  difference  for  red  light  between  sele- 
nium and  ordinary  transparent  substances.  He  also  determined  the 
variation  in  the  difference  of  phase  (J)  with  changing  wave-length 
(X)  (for  a  given  incidence  of  30°) ;  his  results  show  only  a  small 
change  in  J  with  change  in  A,  but  J  increases  with  decreasing  A,  as 
does  the  absorption  of  selenium. 

Using  a  Babinet  compensator  in  the  ordinary  way  Glan  measured 
the  phase-difference  for  selenium  in  the  neigborhood  of  the  principal 
incidence  (if)  and  determined  ^  by  interpolation  for  wave-lengths 
(ilXfip.  and  soSfifJt, 

The  latest  work  on  the  metallic  reflection  of  selenium  is  that  of 
Comu^  (1889)  who  investigated  a  portion  of  the  ultra-violet  as  well 
as  the  visible  spectrum.  In  the  visible  region  the  phase  condition 
of  the  reflected  light  was  determined  in  the  usual  way  with  a  Bra- 
vais  compensator. 

1  This  method  is  well  described  and  its  accuracy  shown  in  a  paper  by  PflUger  on  the 
Metallic  Reflection  of  Solid  Cyanin,  Wied.  Ann.,  65,  pp.  214-224,  1898. 
'Keltcler,  "Theoretische  Optik,'*  Braunschweig,  pp.  548-552,  1885. 
'Glan,  Wied.  Ann.,  7,  pp.  650-652,  1879. 
*Comu,  Comp.  Rend.,  CXIII.,  1889,  pp.  917-923,  f2ii. 
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In  the  ultra-violet  region  fluorspar  lenses  were  used  and  approxi- 
mate adjustments  were  made  by  means  of  a  fluorescent  eye-piece 
the  final  observations  being  secured  photographically.  The  diffi- 
culty of  effecting  the  double  operation  of  compensator  and  analyzer 
was  eliminated  by  using  a  Jamin-Babinet  compensator  and  noting 
the  displacement  of  the  fringes  instead  of  moving  the  quartz  wedge. 
The  reflected  light  was  focused  directly  on  the  face  of  the  compen- 
sator, which  bore  a  ruled  line  for  reference  ;  an  image  of  this,  to- 
gether with  that  of  the  displaced  fringes,  was  focused  by  a  second 
fluorspar  lens  on  a  sensitive  plate,  between  which  and  the  compen- 
sator was  placed  the  analyzing  nicol.  Since  the  position  of  the 
fringes  is  independent  of  the  azimuth  of  the  analyzer,  a  single 
exposure  would    suffice    to  determine  the  fringe-displacement,  if 


Rg.  1. 

the  analyzer  is  in  position  to  give  the  bands  at  all.  The  exact 
azimuth  of  the  reduced  polarization  was  determined  by  a  series  of 
eight  or  ten  exposures  on  the  same  plate,  the  analyzer  being 
rotated  each  time  through  a  small  known  angle ;  the  azimuth  for 
which  there  was  maximum  intensity  of  the  fringes  is  the  desired 
principal  azimuth,  when  the  angle  of  incidence  corresponds  to  a 
fringe-displacement  of  ;r/2.  This  method  is  of  course  less  precise 
than  the  measurements  in  the  visible  spectrum;  but,  so  far  as  I 
know,  this  is  the  only  recorded  attempt  to  determine  directly  the 
phase  relations  in  metallically  reflected  ultra-violet  light. 

Cornu*s  *  mirrors  were  of  vitreous  selenium  melted  and  pressed 

>cli(nu,  Comp.  Rend.,  LXXXVI.,  p.  649,  1878. 
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out  between  surfaces  of  polished  quartz.  He  used  two  mirrors, 
one  freshly  made  and  the  other  seven  years  old.  Age  gave  a  more 
metallic  character  to  the  reflection,  increasing  the  absorption  very 
noticeably.  Additional  evidence  along  this  line  was  secured  in  the 
present  research. 

The  results  of  all  previous  workers  are  given  in  the  accom- 
panying table.^  The  wide  variation  in  their  observations  exhibits 
the  desirability  of  further  work  along  this  line.  The  work  of  Glan 
and  of  Comu  showed  that  selenium  behaves  as  a  true  metal  only 
for  the  shorter  wave-lengths,  acting  more  like  a  transparent  sub- 
stance for  the  longer  wave-lengths.  The  difference  between  the 
forms  of  the  curves  in  which  the  phase-difference  (J)  is  plotted  as  a 
function  of  the  incidence  {ip)  for  vitreous  and  for  metallic  reflec- 
tion was  pointed  out  by  Comu  in  1878,  and  is  shown  in  the 
accompanying  curves,  Fig.  i,  for  glass  and  silver.  The  former 
shows  an  inflection  at   the  point  J=r/2  (i,  e,  A/4)  so  that  the 

Table  I. 

Previous  Values  of  Constants  of  EUiptical  Polarization  of  Light  Reflected  from 
Selenium  Surfaces, 


— 

— 

A 

^ 

^ 

Observer. 

References. 

680ICK 

lony 

280;'A< 

(64  00) 

(11  12) 

Cornu. 

431 

70  10 

15  30 

Quincke. 

Jamin:  1850,  Ann.  d.  Chim.  et  Phys., 
Vol.  29,  p.  303. 

439 

7130 

5  00 

439 

(68  IS) 

(7  58) 

Corau. 

Quincke  :  1874,  Pogg.  Ann.,  Jubel  Bd.,  p. 
336. 

486 

7100 

13  14 

Quincke. 

508 

71  28 

7  31 

Glan. 

Glan  :  1879,  Wied.  Ann.,  Vol.  7,  p.  640. 

527 

71  10 

12  13 

Quincke. 

589 

71  23 

11  32 

Quincke. 

589 

68  05 

9  55 

Jamln. 

Cornu:  1889,  Comples  Rendus,  Vol. 
CVIII.,  p.  917,  1211. 

631 

69  49 

4    8 

Glan. 

656 

71  26 

8  24 

Quincke. 

721 

69  35 

0  30 

Cornu. 

721 

(69  00) 

_J7  00) 

Coma  used  two  mirrors,  one  fresh,  another  seven  years  old. 
theses  are  for  the  old  mirror. 


The  figures  in  paren- 


*  Plotted  from  the  results  given  by  Jamin,  Ann.  de  Chim.  et  d.  Phys.,  19,  p.  315, 
1S47. 
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rate  of  change  of  phase-difference  with  respect  to  the  angle  of  inci- 
dence is  very  large  in  this  region,  whereas  for  metallically  reflecting 
media,  the  phase-difference  rises  steadily  with  increasing  incidence, 
and  shows  no  such  inflection.  Such  a  curve  showing  the  con- 
nection between  the  phase  difference  and  the  angle  of  incidence  for 
any  one  wave-length  can  not  be  secured  from  the  observations 
already  cited,  and  so  it  was  the  object  of  the  first  part  of  the  pres- 
ent investigation  to  secure  such  curves  for  several  wave-lengths 
which  will  show  just  how  the  reflection  from  selenium  surfaces  ac- 
quires more  or  less  of  a  true  metallic  character  as  the  wave-length 
of  the  incident  light  varies.  The  general  conclusion  is  that  there 
is  no  sharp  distinction  between  the  two  cases  of  vitreous  and  me- 
tallic reflection,  and  that  selenium,  like  several  other  substances 
such  as  the  aniline  dyes,  presents  the  transition  from  one  to  the 
other  in  a  continuous  manner  as  the  wave-length  of  the  incident 
light  is  changed. 

■  Present  Work  on  the  Reflection  of  Light  from  Selenium. 

Introduction. 

The  present  experimental  work  on  the  reflection  from  selenium 
surfaces  is  divided  into  two  main  parts  in  the  visible  spectrum : 
(i)  The  determination  of  the  phase  condition  and  the  azimuth  of 
restored  polarization  of  the  reflected  ray  for  different  angles  of  in- 
cidence for  red,  yellow  and  blue  light ;  (2)  the  direct  observation  of 
the  reflecting  power  for  various  wave-lengths  and  at  different  angles 
of  incidence  by  means  of  a  spectrophotometer. 

From  a  knowledge  of  the  constants  of  the  elliptical  polarization 
of  the  reflected  light  as  secured  from  part  (i),  the  values  of  the  re- 
fractive index  {n)  and  the  absorption  coefficient  (^')  will  be  secured 
by  an  analytical  interpretation  of  the  phenomena,  and  then  com- 
pared with  the  directly  determined  values  of  k*  and  n  secured  by 
other  observers. 

The  directly  observed  values  of  the  reflecting  power  R,  secured 
from  part  (2)  and  those  of  previous  workers  will  be  compared  with 
the  values  calculated  from  k*  and  n  as  given  by  part  (i). 

The  foundations  of  the  theory  of  metallic  reflection  are  far  from 
satisfactory   physically,    and   accumulated    experimentation   under 
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proper  and  varied  conditions  is  needed  for  an  advance  in  this  direction. 
The  formulae  here  used  in  the  reduction  of  observed  quantities  to 
give  the  optical  constants  of  the  medium  are  not  to  be  regarded  as 
constituting  a  real  theory  of  metallic  reflection,  but  rather  as  con- 
venient mathematical  aids  which,  though  founded  on  an  unsatisfac- 
tory physical  basis,  have  been  found  to  give  results  which  agree 
well  with  experiment.  A  theory  of  metallic  reflection  phenomena 
is  yet  to  be  developed  in  terms  of  the  ionic  theory  of  matter. 

Metallic  Reflection  Formulce, 

Before  recounting  the  present  experimental  work  on  the  metallic 
reflection  of  selenium,  attention  is  called  to  the  formulae  which  have 
been  employed  throughout  the  investigation  in  the  reduction  or  in- 
terpretation of  experimental  results. 

Notation. 

n.  =  index  of  refraction  for  incidence  i. 

n^  =  index  of  refraction  for  normal  incidence ;  when  written 
simply  n,  the  variation  with  incidence  is  not  considered. 
k  =  absorption  coefficient  as  defined  by  Drude. 
k'  5  nk,  i.  e.,  absorption   coefficient   as  defined   by  Walter; 

see  p.  203. 
k!  s  absorption  coefficient  for  incidence  /. 
kj  s  absorption    coefficient    for   incidence  0°,   when   written 
simply  ^,  no  account  is  taken  of  its  variation  with 
changing  incidence. 
J  =  5p  —  5^  s  difference  in  phase  between  the  two  components 
of  the  elliptically  polarized  reflected  light,  polarized  in 
and  normal  to  the  plane  of  incidence. 
ip  =  azimuth  of  "  restored  "  or  **  reduced  *'  polarization  of  the 
reflected  light  with  reference  to  the  plane  of  incidence. 

tan  ^  =  />  =  —^  =  ratio  of  the  amplitudes  of  the  two  components 

of  the  Reflected  light. 
(f  =  angle  of  incidence. 
<p  =^  <p  and  ^  =  s^   when   A^tzIi,  i.   e.,  (p  and  (p  are  the 

"  principal  incidence  *'  and  **  principal  azimuth." 
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„  ^      .  intensity  of  reflected  light 

R  s  reflecting  power  s  .— - — r^ — ■^. — r^ — ^  .,  . 
^  ^  intensity  of  incident  light 


Aip" 


=  -,  2,  for  normal  incidence. 


Rf  s  reflecting  power  at  incidence  /  for  light  plane  polarized 

in  the  plane  of  incidence. 
Rl  s  same  for  light  polarized  normal  to  the  plane  of  incidence. 


Approximate 

Formulce. 

1 

i  =:  sin  J  tan  2^ 

cos  2ip 

{a) 

^              I  +  cos  d  sin  2(p 

9/         ,9V        .9           9        I  —  COS  d  sin  lib 

^           ^             ^         ^    I  +  COS  J  sin  2^ 

{a') 

i  =  tan  2(/\                              At  principal  incidence  or 

n  =  sin  ^  tan  ip  cos  2^                 J  =  ;r/2. 

More  rigorot 

rj.^ 

Putting 

sin  J  tan  2^  =  tan  j2»     cos  J  sin  2^  =  cos  P, 
tan  JP  sin  ^  tan  ^  =  5, 

and  neglecting  i/5*  in  comparison  with  i, 


i^) 


(sin*  w\ 

*    3 

nksJk'^  Ssin  (2(1  -  F),     Fs  J-^ 
>&=  tan  Q  (J  ;^-p)  or  =  tan  e  (i  «  ^2-)- 


(If  we  further  neglect   i/S^  in  comparison  with   i,  we  get  fro^i 
these  last  equations  those  under  (a)  above.) 
At  principal  incidence : 

tan  f  =  tan  2^\     cos  P  =  o,     5  =  sin  ^  tan  f . 

»  Drude:  Theory  of  Optics,  Amer.  ed.,  pp.  274-295,  358-368;  Wied.  Ann.,  No.  3^» 
p.  544,  1889;  No.  39,  p.  5C7,  1890;  No.  64,  pp.  161,  162,  1898.  See  also  Winkle* 
mann,  Handbuch  d.  Phys.,  p.  826. 
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,  >fe  =  tan  2^  ( I  —  cot^f ). 

Taking  the  variation  of  k'  and  n  with  ip  into  account,  Ketteler* 
has  deduced  the  equations  of  metallic  reflection  giving  n  and  k'  in 
terms  of  J,  f  and  ^,  which  Walter  *  has  put  in  the  following  form  : 

More  Rigorous  Formulce  in  a  Different  Form, 

Putting 

sin  tp  sin  2^^'  =  sin  1, 

sin  2y  sin  2^  =  sin  d, 

i'^  =  tan  f  sin  ;f, 


>&'  »  //>fr. 


n-^  =  tan  ^  cos  x, 


W 


>&' 


i  >t/  =  tan  f  \/  sin  (;f  +  ^/2)  sin  (;f  —  ^/2), 


«^j  =  tan  ^  \/  cos  (;f  -f  tf/2)  cos  (;f  —  ^/2). 

Fonnula  for  Reflecting  Power,     {CaucKy,) 
For  normal  incidence,  /.  r.,  ^  =  o. 
Light  polarized  in  any  azimuth  : 


('') 


».'  ( I  +  V)  +  I  +  2«,        («,  +  I )«  +  V" 

/.     For  light  polarized  in  the  plane 


at  any  angle  of  incidence  <p 
of  incidence, 

'  ^  ^  _  sin^(/-r,)  +  >fe/Sinr, 


*       sin'  (/  +  rj  +  k/^  sin  r^ ' 


and  for  light  polarized  normal  to  the  plane  of  incidence, 


.  _  cos'  (/ jf  r .)_tan'  r+  k^  sin V. 

'  ■"  cos'  (/  -  r.)  tan'  /  +  >&.'  sin'  r,      •  ' 


»  Kettelcr,  Thcorctische  Optik,  Braunschweig,  1885. 

«  Waller,  *«  Die  Oberflftchcn  oder  Schiller-Farbcn,'*  Braunschweig,  1895.      See  also 
PflOger,  Wied.  Ann.,  LXV.,  p.  220,  1898. 
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and  7?  =  J  {Rf  +  ^/),  for  ordinary  light. 

T      ,  .  .  sin  i 

In  these  equations  sin  r^  = 


n. 


kl  =  [i  I  sin'  i  -  n*  +  k,'  +  ^^(^rn''i-«/  +  >&/')  +  4«oV  1 1' 


or 


if) 


n,^  ^-^{sinU  +  a  +  b)\ 


k!  =  -.-(sin'/— ^  +  *)*, 
V  2 


where  a  =  n^  ^  k^  and  ^  =  {(sin*/  —  df  —  4«^,'  >to'*]*- 

A  very  essential  difference  in  notation  arises  between  these  for- 
mulae, the  failure  to  notice  which  has  led  to  errors  in  some  recent 
papers  on  metallic  reflection.  Ketteler  and  Walter  use  k  to  repre- 
sent the  absorption  coefficient  of  the  medium  in  question  for  a  given 
wave-length  of  light,  regarding  it  as  the  damping  factor  per  wave- 
length measured  in  the  ether.  On  the  other  hand,  Drude  uses  k  to 
represent  the  damping  factor  per  wave-length  measured  in  the  me- 
dium itself.  The  k  of  Walter  is  greater  than  the  k  of  Drude  in  the 
ratio  of  the  index  of  refraction  n  of  the  medium,  or  k!  =  nk^  calling 
k  of  Walter  =  ^',  as  is  done  throughout  this  paper. 

The  Constants  of  Metallic  Reflection. 
{a)  Apparatus  and  Method  of  Observation, 

A  Meyerstein  spectrometer  furnished  with  Nicol's  prisms  on  col- 
limator and  telescope  (lenses :  25  mm.  diameter,  20  cm.  focal  length, 
Nicols :  22  mm.  x  16  mm.  aperture)  and  with  a  Jamin-Babinet 
compensator,  was  used  in  the  ordinary  way  to  determine  the  phase 
difference  (J)' between  the  two  components  of  the  elliptically  polar- 
ized reflected  light  in  and  normal  to  the  plane  of  incidence,  and  the 
azimuth  of  restored  polarization.  The  shift  of  the  compensator 
bands  was  determined  with  reference  to  a  pair  of  fixed  parallel  wires 
mounted  directly  on  the  face  of  the  stationary  wedge,  and  slightly 
farther  apart  than  the  width  of  a  band.  The  linear  scale  on  the 
compensator  was  graduated  to  .5  mm.,  and  the  divided  head  carried 
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by  the  screw  operating  the  movable  wedge  was  graduated  in  100 
parts  so  that  .005  mm.  could  be  measured  directly.  The  distance 
between  two  consecutive  bands  for  the  shortest  wave-length  (432  ////) 
used  was  16.78,  so  that  the  instrument  allowed  a  difference  in  phase 
of  .cxx)3  of  a  wave-length  to  be  measured  provided  the  sharpness 
of  the  bands  permited  so  close  a  setting.  As  a  matter  of  fact  the 
error  in  setting  on  the  bands  was  such  that  the  mean  of  ten  read- 
ings is  sure  only  to  about  .001  X,  Ten  settings  were  made  on  each 
band  with  the  screw  always  moving  right-handedly.  The  varia- 
tion from  the  mean  is  less  than  i  per  cent,  and  the  variation  in  the 
determinations  of  the  distances  between  consecutive  bands  is  about 
0.3  per  cent.  Settings  were  made  on  the  bands  with  the  analyzer 
in  each  of  the  conjugate  positions,  and  from  three  to  five  bands 
were  observed  in  each  case  in  order  to  elimiilate  any  variations  in 
the  figure  of  the  wedges.  A  preliminary  test  of  the  wedge  and  a 
calibration  of  the  screw  proved  the  combination  to  be  reliable  to 
within  the  range  of  error  of  setting  on  a  band. 

In  the  azimuth  determinations  twenty  settings  of  the  analyzer 
were  made  for  each  of  the  conjugate  positions,  making  forty  settings 
in  all  for  the  full  determination  of  an  azimuth.  Ten  readings  were 
taken  in  each  quadrant  in  order  to  eliminate  any  eccentricity  of  the 
nicol  in  its  mounting  and  also  any  local  errors  of  graduation  on  the 
circular  head,  which  could  be  read  by  a  vernier  to  i'  of  arc.  Suc- 
cessive settings  for  maximum  sharpness  of  the  compensator  bands 
varied  by  about  three  degrees,  generally  less,  and  the  probable 
error  in  the  azimuth  determination,  so  far  as  the  purely  instrumental 
errors  are  concerned,  is  about  25'.* 

The  position  of  the  central  table  carrying  the  mirror  could  be 
read  directly  to  i '  and  the  position  of  this  table  when  the  mirror 
was  normal  to  the  collimator  could  be  determined  by  successive 
trials  to  within  2'.  The  angle  of  incidence  is  then  accurate  to  be 
about  this  amount.  The  telescope  was  brought  into  the  proper 
position  by  means  of  a  vertical  hair  in  the  eye-piece  which  was 
brought  to  tl^e  center  of  the  reflected  image  of  the  collimator  slit 

» 5>ee  Drude,  Theory  of  Optics,  pp.  255-258 ;  or  Preston,  Theory  of  Light,  pp. 
404-409. 

*  The  effect  of  a  poor  mirror  surface  on  the  value  of  the  azimuth  is  noted  later  on. 
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for  each  new  angle  of  incidence,  and  was  then  focused  on  the  com- 
pensator. Since  both  the  bands  and  the  reference  wires  are  outside 
the  telescope,  changing  the  focus  back  and  forth  from  the  collimator 
slit  to  the  face  of  the  compensator  introduced  no  error. 

The  source  of  light  for  the  red  and  blue  was  a  Nernst  filament 
(no  volts)  the  radiation  from  which  was  focused  on  the  collimator 
slit  after  passing  through  appropriate  screens  to  render  it  monochro- 
matic. A  plate  of  dense  cobalt  glass  combined  with  a  potassium 
bichromate  screen  gave  a  bright  nearly  monochromatic  band  of  red 
light,  and  in  the  blue  a  double  thickness  of  cobalt  glass  combined 
with  a  thin  sheet  of  **  signal  green  '*  gave  a  fairly  monochromatic 
band.  The  wave-lengths  transmitted  by  these  screens  were  deter- 
mined by  locating  the  maximum  intensity  of  the  light  transmitted 
by  them  when  placed  before  the  slit  of  an  auxiliary  prism-spectrom- 
eter, the  horizontal  surface  of  which  had  been  previously  calibrated 
in  terms  of  known  Fraunhofer  lines.  These  wave-lengths  were 
735 /i/i  and  432////  respectively.  For  the  yellow,  a  sodium  flame 
was,  used.  The  correctness  of  the  wave-length  determinations  is 
tested  by  their  agreement  with  the  distances  between  consecutive 
compensator  bands  for  the  three  different  colors. 


Red.    8c.  Divt.       |  Yellow.  Blue. 


Distance  between  bands.  28.56  |  22.86  |         16.78 

Wavelengths.  !         735 /i//.  589  ^/i.  432 1*^. 

Ratio.  .03885  «    .03881  I  .03861 


{p)  Method  of  Making  Mirrors, 

(b^  Vitreous  Selenium,  —  To  give  accurate  results  the  mirror 
surfaces  must  be  free  from  scratches,  free  from  films  of  any  foreign 
substances,  and  must  be  perfectly  plane ;  the  latter  is  a  rigorous 
requirement  only  in  measurements  of  the  absolute  reflecting  power. 

In  order  to  secure  as  clean  mirrors  as  possible,  the  selenium  was 
melted  in  a  small  porcelain  crucible  and  a  portion  of  the  melted 
substance  from  beneath  the  surface  was  drawn  up  by  suction  into  a 
hot  glass  tube  ;  from  this  a  bead  of  molten  selenium  about  5  mm.  in 
diameter  was  blown  upon  a  clean  warm  glass  plate  and  after  being 
pressed  out  into  a  circular  film  some  2  cm.  in  diameter  between  this 
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and  a  second  warm  glass  plate,  was  allowed  to  cool  under  moderate 
pressure.  When  cold,  one  of  the  glass  plates  was  knocked  off. 
From  a  large  number  of  mirrors  thus  made,  the  best  were  selected. 

The  glass  covers  were  of  the  plane  parallel  **  crystal "  plate,  se- 
lected for  freedom  from  scratches.  They  were  thoroughly  cleaned, 
and  just  before  being  warmed  to  receive  the  bead  of  molten  sele- 
nium, th«y  were  wiped  with  clean  cotton  wool  dampened  with  alco- 
hol and  then  wiped  dry.  With  these  precautions  and  using  c.  p. 
selenium,  good  mirror  surfaces  could  be  secured,  without  polishing, 
of  about  two  to  five  square  centimeters  area.  Any  small  regions 
which  seemed  defective  were  covered  with  black  paper,  as  were  also 
all  exposed  parts  of  the  glass  backing.*  When  not  actually  in  use, 
the  mirrors  were  wrapped  in  clean  tissue  paper.  These  details  are 
given  because  the  treatment  and  condition  of  the  mirror  surfaces 
are  of  prime  importance  on  account  of  the  role  which  the  so-called 
"surface- layer"  plays  in  metallic  reflection. 

(^,)  Metallic  Selenium.  —  Some  of  the  films  of  vitreous  selenium 
thus  formed  were  converted  before  the  glass  plate  was  removed  into 
the  metallic  or  gray  crystalline  variety  by  being  heated  in  an  oven 
at  about  180°  C.  for  4-6  hours,  and  then  allowed  to  cool  gradually. 
When  cold  they  no  longer  adhered  to  the  glass  covers  and  were 
very  brittle ;  their  surfaces  were  fs^r  from  mirror-like,  showing  a 
dull  gray  luster.  To  secure  a  mirror  such  a  film  was  cemented  to 
a  glass  plate  and  the  exposed  surface  thoroughly  polished  with  soft 
chamois  skin  and  jeweler's  rouge,  and  just  before  observation  they 
were  rubbed  slightly  with  clean  chamois.  An  attempt  was  made  to 
get  a  better  surface  before  polishing  with  the  rouge  by  rubbing  the 
metallic  film  with  fine  "crocus**  cloth,  but  the  selenium  scratched 
too  readily.  The  mirrors  of  metallic  selenium  were  not  so  perfect 
as  the  vitreous  ones,  and  the  numerical  values  given  for  them  later 
on  are  to  be  regarded  merely  as  indicating  the  direction  of  the 
modification  in  the  reflected  light,  not  the  exact  magnitude  of  the 
change. 

The  effect  of  polishing  a  mirror  of  vitreous  selenium  was  also 
tried  in  order  to  correlate,  if  possible,  Quincke's  values  for  polished 
mirrors  with  Cornu's  and  my  own  for  unpolished  vitreous  mirrors. 

» Cf.  Dnide,  Wied.  Ann.,  39,  p.  497,  1890. 
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(e)  Results, 

(^j)  General  Transition  from  Vitreous  to  Metallic  Reflection  with  De- 
creasing Wave-length,  — The  observed  values  of  the  phase-difference 
(J)  and  the  azimuth  (^)  for  various  angles  of  incidence  for  different 
wave-lengths  and  for  the  several  kinds  of  mirrors  are  given  in  the 
following  tables  (II.-IV.)  and  are  also  represented  graphically  in 
the  accompanying  curves. 

The  quantities  observed  for  each  incidence  are  :  ( i )  The  settings 
of  the  analyzer  for  maximum  sharpness  of  the  two  sets  of  compen- 
sator bands,  from  which  the  azimuth  is  secured  by  the  relation 
^  =  |(^"  —  ^''') ;  (2)  the  position  of  the  bands  in  each  case,  from 
which,  by  reference  to  their  positions  for  direct  transmission,  8x 


'''■'■ 


^-589i</f 


eO     tS      70     75     80      85     90' 


_L_i I    I    I    I    I    I    I 


55^   60     65     70      75     80     85     90' 
ANGLES  OF  INCIDENCE 


t    I    I    I    I    I    t 


5S°   60     OS     70     75     80     85     90° 


Fig.  2.  Difference  in  the  phase  conditions  of  light  reflected  from  niirrors  of  vitreous 
and  metallic  selenium.  Curves  A  are  for  vitreous  selenium.  Curves  B  are  for  metallic 
selenium. 

can  be  determined,  and  so  J  by  the  relation  J  =  nSxja^  where  a 
is  the  half-distance  between  consecutive  bands.  The  ratio  of  ampli- 
tudes AJA^  is  given  by  the  relation  AJA^  =  tan  i}K 

Table  II.  is  for  an  unpolished  mirror  of  vitreous  selenium.  The 
variation  of  phase-difference  and  of  amplitude-ratio  with  change  of 
incidence  is  shown  by  the  curves  in  Figs.  2,  3  and  5,  from  which  it 
is  seen  by  comparison  with  those  of  Fig.  i  for  glass  and  for  silver, 
that  selenium  behaves  in  the  matter  of  elliptical  polarization  by 
reflection  more  like  a  transparent  substance  for  the  longer  wave- 
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lengths,  and  more  metallically  for  the  shorter  wave-lengths.  The 
gradual  disappearance  of  the  region  of  inflection  near  J  =  r/2  as 
we  pass  from  red  to  blue  is  well  brought  out  in  the  phase  curves, 


Fig.  3. 

as  is  also  the  disappearance  of  the  sharpness  of  the  minimum  in 
AJA^  in  the  amplitude  curves. 

Similar  curves  secured  by  Merkel  for  fuchsin,  Figs.  4  and  6,  are 
presented  for  comparison  with  those  of  selenium.  The  change  in 
the  character  of  the  phase  curves  and  of  the  amplitude  curves,  as 


Fig.  4. 

we  pass  from  longer  to  shorter  wave-lengths,  is  perfectly  analogous 
in  the  two  cases,  though,  of  course,  for  fuchsin  the  amount  or  ra- 
pidity of  the  transition  is  much  more  marked  than  for  selenium. 
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This  gradual  disappearance  of  the  region  of  inflection  in  the  phase 
curves  and  the  broadening  or  rounding  off  of  the  minimum  in  the 
amplitude  curves  is  characteristic  of  substances  possessing  surface 
color,  and  the  magnitude  of  the  transition  as  different  wave-lengths 


Fig.  5. 

are  used  determines  the  prominence  or  intensity  of  the  surface 
color.  I  shall  discuss  the  surface  color  of  selenium  in  more  de- 
tail later  in  the  paper. 

Curves  A  and  B  in  Fig.  i  represent  the  two  limiting  cases  of 


>U!tOLE«  OF  INCIOEttCf 
Flf?.    6. 


elliptical  polarization  by  reflection ;  the  first  is  characteristic  for 
very  heavily  absorbing  media,  and  the  latter  for  perfectly  trans- 
parent media.  The  equations  which  can  be  deduced  on  the  elec- 
tromagnetic theory  for  a  relation  between  the  difference  in  phase 
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and  the  angle  of  incidence  in  terms  of  the  optical  constants  of  the 
medium  apply  perfectly  well  to  these  limiting  cases.  But  in  the 
case  of  a  medium  which  is  neither  transparent  nor  very  heavily 
absorbing,  such  as  selenium  or  fuchsin  for  certain  wave-lengths, 
notably  the  red,  some  ambiguity  may  arise  as  to  which  set  of  equa- 
tions to  apply,  /.  e.,  under  which  method  of  interpretation  shall  the 
experimental  results  be  treated,  for  the  experimental  curves  them- 
selves lie  between  the  two  characteristic  curves  A  and  B,  An  ex- 
amination of  the  analytical  development  by  which  the  final  relations 
between  f ,  J,  ^'%  k'  and  n  are  obtained  in  the  case  of  true  metallic 
reflection  seems  to  show  that  there  is  no  objection  to  applying  them 
to  any  case  where  k^  has  a  value,  no  matter  if  small ;  and  this  has 
been  done  by  Pfluger  ^  and  others  in  deducing  k!  and  n  from  ob- 
served values  of  the  principal  incidence  Ip  and  the  principal  azimuth 
ij)  in  the  case  of  fuchsin  and  cyanin,  the  phase  curves  of  which  are 
intermediate  between  A  and  B  (Fig.  i)  as  are  the  curves  for  sele- 
nium. Ketteler,  in  giving  an  analytical  interpretation  of  Quincke's 
observations  on  selenium,  applied  the  equations  of  metallic  reflec- 
tion, but  in  the  case  of  fuchsin  he  applied  those  of  vitreous  reflec- 
tion also  and  presented  the  comparison  of  the  two  methods  of  in- 
terpretation as  applied  to  this  latter  substance. 

This  comparison  in  the  case  of  selenium  is  presented  in  the  follow- 
ing : 

(a)  Using  the  experimental  curves  giving  J  as  a  function  of  ip  and 
determining  that  incidence  f  =  y  for  which  J  =  ;r/2,  by  means  of  La- 
grange's interpolation  formula,  we  get 
For  ^=  735  A'j"         S89j"j"        432 /^/^ 

AJA^  .112 

i^^^^^^.n'{AJA:)  6^23' 
These  values  show  an  increase  in  both  principal  incidence  and 
principal  azimuth  with  decreasing  wave-lengths  ;  which  is  in  ag^e- 
ment  with  the  results  of  Comu  and  Glan,  but  contrary  to  those  of 
Quincke.  The  value  of  f  determined  directly  with  a  quarter-wave 
plate  for  sodium  light  was  f  d  =  7 1  °  32',  and  ipj,  =  9°  1 5'.  Quincke 
found  by  the  method  of  double  reflection  ^^  =  71°  23',  but  his 

iPflOgcr,  Wied.  Ann.,  5,  1898,  pp.  192-224. 


71"  06' 

71^34' 

.156 

.182 

8°  55' 

10"  20' 
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value  of  ^p  *s  high.     I  adopt  as  the  final  value  of  ^  for  ^  =  5  89////, 
the  mean  of  my  two  determinations,  viz  :  ^  =  71*^  19'. 

(^)  Interpreting  the  experimental  curves  of  vitreous  selenium  as 
those  of  a  transparent  substance  as  opposed  to  a  metallically  reflect- 
ing surface,  we  can  by  interpolation  determine  the  angle  of  maxi- 
mum polarization,  the  tangent  of  which  is  the  index  of  refraction. 
We  get : 

^=735/^/^  5^9/^/^  432 /i/i 

Pj.     .1095  .1509  .1785 

ip^       70°  20'  71°    15'  70°  20' 

n  =  tan  f^      2.798  2.946  2.798 

Where  pp  =  minimum  value  of  amplitude-ratio  and  ip^  s  cor- 
responding incidence,  /.  e,,  the  polarizing  angle. 

This  verifies  in  a  general  way  the  turn  in  the  dispersion  curve  in 
the  green  obtained  by  Professor  Wood  ^  and  Mr.  Pfund  by  means 
of  thin-film  interferometer  measurements. 

{c)  In  the  following  Table  III.  values  of  the  phase  difference  are 
given  for  red  light,  (i)  as  observed,  (2)  as  calculated  on  the  as- 
sumption that  selenium  acts  as  a  transparent  medium,  and  (3)  as 
calculated  on  the  assumption  of  true  metallic  behavior  of  the  sele- 
nium for  red  light.  Judging  from  this  table  there  is  hardly  any 
choice  as  to  which  set  of  formulae  to  apply  to  the  observations,  for 
the  observed  values  differ  as  much  from  one  set  of  calculated  values 
as  from  the  other,  and  curiously  enough  in  the  same  direction  from 
both. 

A  comparison  of  the  values  of  the  refractive  index  secured  by 
treating  selenium  as  a  vitreously  reflecting  substance  with  those 
secured  by  application  of  the  equations  of  metallic  reflection  is  pre- 
sented in  accompanying  tabulation,  which  shows  that  in  general 
the  tangent  of  the  polarizing  angle  gives  a  higher  value  of  the  re- 
fractive index  than  that  calculated  from  the  principal  incidence  and 
principal  azimuth.  The  difference  is  greater  in  the  case  of  fuchsin 
than  for  selenium. 

A  substance  for  which  this  transition  from  vitreous  to  metallic 
reflection  as  different  wave-lengths  are  considered   is  even  more 

'Wood,  Phil.  Mag.,  June,  1902,  p.  607;  and  also  Proc.  Phys.  Soc.  Lond.,  Vol. 
XVIII.,  pp.  607-623,  1902. 
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Table  III. 

Vitreous  Selenium.     X  =  735  fif^. 


Ancle  of  Incidence  4. 


Pheee  Difference.    A  in  v. 


Obeerved. 


Cal.i 


Cal.s 


30« 

.0224 

60 

.0610 

65 

.0926 

68 

.2609 

70 

.4825 

73 

.7651 

75 

.8794 

78 

.9194 

80 

.9453 

[ 

.0142 

.0131 

) 

.1097 

.0932 

.1937 

.1593 

.3192 

.2587 

.4716 

.3964 

.7147 

.6829 

^ 

.8100 

.8018 

.8870 

.8886 

.9177 

.9206 

lAv  calculated  on  assomption  that  the  selenium  acts  as  a  transparent  medium  for 
the  red,  ^p  =  jo^  19^,  p,  =  •1095  ;  using  the  formula  of  Drude  given  on  page  202. 

'A,  calculated  on  assumption  of  true  metallic  behavior  by  means  of  Drude' s  formulse 
(Optics,  Eng.  ed.,  p.  346;  see  p.  202,  this  paper),  using  ^=70®  8',  Vi  =  6<»  23', 
whence  Jk  =  .1988,  n  =  2.704. 

C:  Comparison  of  Fuchsin  and  Selenium, 


Puchsin. 

A 

455  MM 

5«9MM 

67»00' 

634  MM 

Principal  incidence,  ^ 

48**  OO' 

64<»00' 

Polarizing  angle.  ^, 

44    48 

67    15 

66    50 

Refractive  index,  n  (as 

cal. 

from  ^and  i>) 

0.687 

2.2307 

2.0275 

tan 

^P 

1.010 

2.385 

2.337 

Principal  azimuth,  V; 

26«  50' 

90  40^ 

5^  15' 

Absorption  cocff 't,  ^  (as  cal. 

from  ^  and  ^), 

.575 

.293 

.146 

k' 

=  nJ^ 

Selen 

.3950 

ium. 

.6! 

»34 

.2959 

A 

43a  M** 

589 -MM 

735  MM 

? 

71<»  34' 

7i«»  oe 

/ 

70<»  08' 

Op 

70     20 

71    L 

5 

70    20 

n 

2.811 

2.819S 

\ 

2.704 

XAnij,, 

2.798 

2.946 

2.798 

i' 

10»  20^ 

8«  55' 

60  23' 

k 

.3375 

.2863 

\ 

.1988 

y  =  nJk 

.9487 

.8073 

\           1 

.5375 

marked  than  for  selenium  or  fuchsin,  is  nitroso-dimethylaniline. 
Professor  Wood  has  shown  that  it  is  transparent  to  the  ultra-violet 
while  having  a  heavy  absorption  band  in  the  blue  region  of  the 
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spectrum  and  another  in  the  extreme  ultra-violet,  being  very  trans- 
parent for  yellow.  He  locates  the  center  of  the  first  band  at  43 1////. 
Inasmuch  as  the  refractive  index  cannot  for  this  region  be  deter- 
mined by  direct  prism  measurements,  I  have  studied  its  metallic  re- 
flection in  a  liquid  form  for  ^  =  432  /i//  in  order  from  a  knowledge 
of  the  principal  incidence  and  principal  azimuth  to  calculate  the  in- 
dices of  absorption  and  refraction.  Suffice  it  to  point  out  here  that 
for  /  =  43  2  jti/i  a  phase-curve  was  secured  very  closely  analogous  to 
curve  A  in  Fig.  i,  while  for  yellow  light,  X  =  589/i/i,  the  nitrosodi- 
methylanih'ne  acted  very  nearly  as  a  neutral  liquid  giving  almost 
entirely  plane  polarized  light  for  an  incidence  of  60°  d=  ;  the  region 


Fig.  7. 

of  the  minimum  on  the  amplitudes-curve  being  quite  narrow.  The 
results  are  shown  in  Fig.  7. 

This  comparison  of  the  methods  of  interpreting  the  experimental 
results  suggests  that  in  all  probability  a  result  nearer  the  truth  will 
be  secured  by  applying  the  formulae  of  metallic  reflection  to  the 
observed  values  of  azimuth  and  phase  difference  found  for  selenium 
for  various  incidences.  These  formulae  are  given  on  page  201,  and 
the  result  of  applying  them  to  the  present  observations  to  secure 
values  of  absorption  coefficient  and  refractive  index  are  given  from 
here  on. 

(d)  Effects  of  polish  and  scratches  on  phase  difference  (J)  and 
azimuth  (^''). 
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The  effect  of  polishing  a  mirror  of  vitreous  selenium  with  chamois 
skin  and  rouge  is  shown  in  Table  IV.  There  are  also  recorded  for 
comparison  the  values  of  J  and  ^  for  >l  =  432  iifi  for  a  mirror 
which  was  badly  scratched  when  the  glass  cover  was  knocked  off 
in  its  preparation.  The  scratches  were  quite  deep  and  slightly 
curved.  They  had  a  marked  effect  upon  both  the  azimuth  and  the 
difference  in  phase,  giving  larger  values  of  the  azimuth  and  smaller 
values  of  the  phase-difference  than  for  the  unpolished  mirror. 
Those  parts  of  the  mirror  which  were  not  scratched  had  a  much 
better  mirror-surface  than  many  of  the  other  mirrors  made.     The 

Table  IV. 

Effects  of  polish  and  of  scratches  on  iialues  of  A  and  y}t. 


Kind  of  Mirror 
Vitreous  Selenium. 


Amm 


Polished. 
Unpolished. 
Polished. 
Unpolished. 


589 
589 
735 
735 


Vitreous  Selenium 

& 
68 
65 
65 

Dijff,  in  V^,  241.     A  =  432  fifi. 


i  * 

6x 

«* 

^   , 

_ 

3.46 

11.37 

o!3027  ' 

— 

3.10 

11.43 

0.2712 

13  05 

1.87 

14.35 

0.1303 

10  24 

1.32 

14.26 

0.0926 

Diff.  in  A 


.0315 


.0377 


6§ 
70 
75 
80 


Pol.        Diff.       Unpol.      Diff.      Scrat.         Pol. 


17  13 

12  09 

13  13 
19  49 


337 
200 
113 
206 


13  36 
10  09 
12  00 
17  43 


iV 
3  27 
3  45 
323 


14°42 
13  36 
15  45 
2106 


0.2598 
.4148 
.6555 
.8700 


Diff. 

.036 
.020 
.021 
.046 


''  Unpol. !    Diff.    ,  Scrat. 
.002 


.2241 
.395    , 
.634       .101 
.824       .016 


.226 

.533 
.808 


Approx.  Mean  dif.  2°+ 


3°+ 


+.03^- 


-04ir 


effect  on  the  phase  is  in  agreement  with  the  results  of  Drude' 
who  showed  that  scratches  on  the  mirror  (made  by  rubbing  it 
in  a  single  direction  with  emery  cloth  No.  oooo)  in  a  direction 
parallel  to  the  plane  of  incidence  had  little  or  no  effect  on  the 
value  of  J,  while  scratches  perpendicular  to  the  plane  of  incidence 

1  The  TariatioDS  in  a  are  due  to  the  fact  that  the  compensator  was  removed  between 
these  different  observations  and  when  replaced  did  not  make  the  same  angle  with  the 
light  falling  on  it.  But  since  6x  as  well  as  a  is  affected  by  the  cosine  of  the  angle  which 
the  face  of  compensator  makes  with  the  direction  of  the  beam  incident  on  it,  the  ratio 
dx/a,  which  alone  enters  the  value  of  A,  is  unaffected. 

'Dmde,  Wied.  Ann.,  39,  1890,  pp.  481-554,  especially  in  this  connection  pp.  497, 

498. 
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gave  J  a  little  less  than  the  normal  value  (/.  e,,  the  value  observed 
for  as  perfect  mirrors  as  he  could  obtain).  The  difference,  how- 
ever, is  small  for  the  metals  Drude  investigated,  amounting  only  to 
about  .cx)3i-.oo5^,  while  in  the  present  case  for  vitreous  selenium 
deeply  scratched  (some  of  the  scratches  were  also  wide),  the  de- 
crease in  phase-difference  is  n.o^  or  .02^. 

The  effect  of  polishing  with  rouge  and  chamois  was  to  increase 
J  for  all  three  wave-lengths,  the  change  being  slightly  greater  for 
the  longer  wave-lengths,  /.  e,,  for  those  to  which  the  unpolished 
selenium  would  be  more  transparent.  This  is  in  accord  with  pre- 
vious work  of  Drude  and  others  on  the  role  played  by  the  surface 
or  transition  layer,  the  condition  of  which  is  of  capital  importance 
in  determining  the  metallic  character  of  the  reflection.  The  surface 
molecules  are  altered,  perhaps  in  their  manner  of  aggregation  in 
such  a  way  as  to  increase  the  apparent  absorption  coefficient,  and 
naturally  the  effect  of  polishing  a  pseudo-metal  like  selenium  by 
increasing  the  thickness  of  the  transition  layer,  is  more  marked  for 
those  wave-lengths  which  before  polishing  were  just  on  the  border 
line  between  absorption  and  transparency. 

The  effect  of  polish  on  the  values  of  the  azimuth,  ^,  as  given  by 
the  observations  recorded  in  Table  IV.,  is,  in  general  accord  with 
Drude's  results,  which  showed  a  larger  value  of  ^  for  the  better 
mirror  surfaces.  The  effect  of  the  deep  wide  scratches  in  the  sele- 
nium mirror  was  to  increase  <p  some  2°  or  3°.  and  this  is  in  general 
agreement  with  Drude's  observation  that  a  silver  mirror  rubbed  in 
a  direction  normal  to  the  plane  of  incidence  with  emery  cloth  No. 
0000  gave  ip  somewhat  greater  than  for  a  perfectly  good  surface. 
On  the  other  hand,  he  found  that  a  silver  mirror  rubbed  in  all 
directions  with  emery  cloth  gave  ij)  some  16*^  less  than  the  nor- 
mal value.  The  scratches  on  the  selenium  mirror  were,  in  general, 
normal  to  the  plane  of  incidence,  though  being  slightly  curved 
they  were  in  part  somewhat  parallel  to  the  plane  of  incidence. 

Scratches  parallel  to  the  plane  of  incidence  would  naturally  be 
expected  to  increase  the  azimuth  of  the  reflected  light,  since  a 
scratch  would  reflect  a  vibration  along  its  length  but  would  have  a 
destroying  effect  on  a  vibration  at  right  angles  to  its  length  by  ab- 
sorbing it  on  account  of  multiple  reflections  from  side  to  side. 
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Hence  in  the  light  reflected  from  a  scratched  mirror  there  would 
be  a  larger  relative  amount  of  light  whose  vibrations  were  parallel 
to  the  orientation  of  the  scratches,  and  hence  the  resultant  vibration 
would  be  turned  toward  the  direction  of  the  scratches  and  tan 
^=  AJA^  would  be  increased  and  so  ^,  the  azimuth,  would  be 
increased  when  the  scratches  are  parallel  to  the  plane  of  incidence. 

The  opposite  would  be  expected  for  scratches  normal  to  the 
plane  of  incidence. 

The  true  azimuth  for  an  unscratched  surface  could  be  secured 
then,  from  observations  on  a  scratched  mirror  by  taking  the  mean 
of  two  determinations  of  ^  made  with  the  mirror  in  two  positions 
with  reference  to  a  horizontal  axis  (in  case  the  mirror  is  vertical) 
which  differ  by  90. 

The  values  of  J  given  in  this  paper  are  probably  affected  by 
scratches,  etc.,  only  within  the  error  of  observation,  while  the  values 
of  the  azimuth  may  be  a  little  too  small  on  this  account. 

(r„,)  Metallic  Selenium  Mirrors, — Table  V.  represents  the  ob- 
served values  of  ^  and  J  for  different  angles  of  incidence  for  a  mir- 
ror of  metallic  selenium,  made  in  the  manner  already  described, 
for  red,  yellow  and  blue  light.  For  red,  J  is  considerably  less  for 
metallic  selenium  than  for  a  vitreous  mirror  for  all  incidences  greater 
than  65°,  the  same  is  true  for  yellow  for  f  >  68*^  and  for  blue  when 
f  >  73°.  The  effect  on  the  blue  is  less  marked  than  for  yellow 
and  red,  and  this  is  what  we  should  expect,  inasmuch  as  the  blue 
is  more  heavily  absorbed  by  the  vitreous  form  than  is  either  yellow 
or  red,  and  so  the  change  in  J  made  by  transforming  the  mirror 
from  the  vitreous  to  the  metallic  variety  is  greater  for  those  wave- 
lengths for  which  the  vitreous  mirror  was  the  more  transparent  or, 
rather,  less  absorbing  than  the  metallic.  In  general  the  azimuth 
of  the  reflected  light  is  greater  for  the  metallic  selenium  than  for 
the  vitreous,  except  in  the  case  of  red  light  for  <p>  71^^ 

The  effect  in  toto  of  the  transition  from  the  vitreous  to  the  metal- 
lic form  is  to  make  the  selenium  behave  more  like  a  true  metal  for 
all  three  wave-lengths  investigated,  the  change  being  more  marked 
for  the  longer  wave-lengths.  This  is  illustrated  in  the  curves  B,  B, 
B  in  Fig.  2.  For  blue  the  change  is  very  slight,  indeed,  and  for  red 
and  yellow  it  is  much  less  than  was  anticipated  by  reason  of  the 
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apparently  large  difference  in  the  absorption  coefficient  for  red ;  a 
film  of  amorphous  selenium  o.  i  mm.  thick  allowing  a  good  deal  of 
red  light  to  pass,  while  a  much  thinner  film  of  the  metallic  variety 
is  entirely  opaque. 

Table  V. 

Polished  Mirror  of  Metallic  Selenium, 


~ 

Wave-Length:  tssjuim 

5«9»»M 

43aMM 

^ 

Dist.  bet.  Bands: 
8g.  Diva. 

[6.80 

39.76. 

AplA, 

38.60. 

«^ 

A. 

^ 

.217 

6x 

2.38 

Air 
.'209 

13°52 

ijc 

^n 

^     1 

AplA. 

6i 

L84 

.'129 

uii 

.247 

1.86 1 .221 

17°0^| 

.307 

68 

3.43 

.240 

815 

.145 

3.72 

.327 

1108 

.197 

2.43  1 .290 

14  38 

.261 

70 

4.54 

.318 

7  11 

.126 

4.10 

.360    10  30 

.185 

3.27 '  .390 

13  22 

.237 

73 

8.62 

.603 

6  35 

.115 

6.64 

.583:10  45 

.190 

4.22 1 .500 

13  52' 

.247 

75 

11.12 

.777 

9  57 

.175 

7.48 

.655 

12  20 

.219 

5.42 

.645 

15  19  1 

.274 

Reduction   of  Observations  to  Determine  Optical  Indices. 

The  values  of  the  absorption  coefficient  (k  and  k')  and  the  index 
of  refraction  (n)  secured  from  the  values  of  the  principal  incidence 
(<p)  and  the  principal  azimuth  (^)  observed  by  previous  investiga- 
tors together  with  those  presented  in  this  paper  are  given  in  the 
following  Table  VI.  Columns  1,1'  and  i''  have  been  calculated 
by  the  approximate  formulae ;  2,  2'  and  2"  by  the  more  rigorous 
formulae ;  3,  3'  and  3"  by  the  second  form  of  the  more  rigorous 
formulae.  The  results  show  how  closely  the  last  two  agree,  and 
also  how  approximate  the  first  really  is,  giving  considerably  smaller 
values  of  «  and  larger  values  of  k  than  the  more  rigorous  formulae, 
and  of  the  two  latter,  the  third  set  of  formulae  gives  consistently 
higher  values  for  the  absorption  while  giving  identical  values  of 
the  refractive  index  in  comparison  with  the  second  set  of  formulae ; 
unless  we  apply,  as  I  think  we  should,  the  formulae  given  on  page 
203  to  reduce  n^  and  if'  to  n^  and  i^,  in  which  case,  as  the  col- 
umns 4  and  3  show,  the  third  set  of  formulae  gives  higher  values  of 
the  refractive  index  also. 

To  secure  values  of  the  optical  constants  which  shall  agree  well 
with  those  obtained  by  direct  experiment,  the  observations  of  the 
phase  difference  and  the  azimuth  must  be  confined  to  the  immediate 
neighborhood  of  the  principal  incidence,  and  the  second  set  of 
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formulae  applied.     The  observations  already  cited  having  given  for 
the  latter  the  following  values  : 

^  =  432 /i/i         589 /'/^         735j"/A 
f  =  71°  34'        71*"  19'        lo""  08', 
observations  of  phase  difference  (J)  and  azimuth  (^)  were  made 
on  the  same  mirror  (now  five  months  old)  as  shown  by  the  fol- 
lowing summary. 

The  index  of  refraction  is  found  to  increase  with  increasing  wave- 
length for  an  old  mirror,  and  this  agrees  with  Quincke's  observa- 
tions and  tends  to  confirm  the  view  that  his  mirrors  of  selenium 
were  not  used  till  some  time  after  making. 

Effect  of  Time  on  the  Principal  Incidence  and  Principal  Azimuth. 
—  In  order  to  show  the  effect  of  time  on  the  values  of  the  principal 
incidence  {if)  and  principal  azimuth  (^/),  I  shall  apply  the  same 
method  to  both  mine  and  Comu*s  observations  of  these  constants 
of  elliptical  polarization  for  a  fresh  and  an  old  mirror.  The  results 
are  presented  in  Table  VII.  Walter's  formulae  were  used  in  cal- 
culating the  index  of  refraction  n^,  the  absorption  coefficient  k^, 
and  the  reflecting  power  R,  from  the  principal  incidence  and 
azimuth. 

Lapse  of  time  decreases  the  principal  incidence  some  1 8'  to  i  ®  48' 
after  five  months  interval,  the  decrease  being  greater  for  the  shorter 
wave-lengths.  An  interval  of  seven  years  gave  a  much  larger 
decrease  of  from  0°  35'  to  4°  10'  in  f ,  the  greatest  change  being 
for  the  ultra-violet.  Interpreted  in  terms  of  phase -difference,  this 
means  that  the  surface  has  changed  in  such  a  way  as  to  increase 
the  phase-difference  (J)  for  any  given  incidence  and  to  make  the 
value  J  =  ;r/2  occur  at  a  smaller  incidence. 

The  effect  of  time  is  to  increase  the  principal  azimuth  by  several 
degrees  in  general ;  no  simple  variation  of  this  change  with  wave- 
length appears  and  the  change  after  five  months  is  only  31'  for  the 
red.  Since,  roughly  speaking,  the  absorption  is  directly  proportional 
to  the  tan  ^,  the  observations  show  an  increase  in  absorption  for  all 
wave-lengths  as  time  elapses. 

The  effect  of  these  variations  in  the  values  of  the  principal  inci- 
dence and  principal  azimuth  with  time  is  to  decrease  the  index  of 
refraction  and  to  increase  the  absorption  coefficient,  as  calculated 
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from  these  constants  of  metallic  reflection.  Both  Cornu's  observa- 
tions and  mine  show  the  change  in  the  refractive  index  to  be  con- 
siderable and  to  be  nearly  as  great  after  five  months  as  at  the  end 
of  seven  years. 
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My  observations  show  the  absorption  coefficient  to  increase  con- 
siderably, though  less  in  the  red  than  for  yellow  and  blue ;  while 
Comu*s  values  give  a  decrease  for  the  ultra-violet  and  a  large  in- 
crease in  the  blue  and  red. 

The  dispersion  and  absorption  curves  obtained  by  plotting  values 
given  in  columns  i,  2  and  3  of  Table  VI.  are  shown  in  the  accom- 
panying diagram  (Fig.  8)  together  with  those  directly  observed  by 
Sirks  and  by  Wood  *  and  Pfund. 

The  general  discrepancy  between  the  results  of  the  several  ob- 
servers is  very  marked,  especially  for  the  absorption  coefficient. 
The  difference  between  the  observed  values  of  the  principal  inci- 
dence and  principal  azimuth  of  various  observers  are  shown  graph- 
ically in  Fig.  9  and  are  probably  to  be  accounted  for  in  great  part 
by  the  influence  of  scratches,  polish,  age,  etc.,  as  already  demon- 
strated in  this  paper.  The  values  of  the  absorption  coefficient  cal- 
culated from  these  metallic  reflection  experiments  differ  as  much 
among  themselves  as  they  do  from  the  directly  observed  values. 

Comparison  of  Results. 

In  the  metallic  reflection  experiments  we  are  really  studying  sur- 
face conditions  only,  whereas  in  the  experiments  in  which  direct 
observations  are  made  for  absorption  and  refraction  we  are  studying 
phenomena,  having  their  seat  inside  the  medium.  In  the  metallic 
reflection  experiments  no  doubt  the  surface  conditions  have  varied 
widely  and  in  an  unknown  manner.  In  the  direct  measures  of  ab- 
sorption, the  selenium  was  in  a  form  entirely  different  from  that  em- 
ployed in  the  metallic  reflection  experiments.  Wood  and  Pfund  used 
their  films  of  amorphous  selenium  secured  by  cathode  deposit,  and 
close  examination  of  these  films  shows  that  they  are  not  perfectly 
continuous  but  are  rather  of  a  spongy  structure  which  accounts  in 
part  for  the  much  lower  values  of  absorption  secured  by  these  ob- 
servers, although  their  neglect  to  take  into  account  the  loss  by  re- 
flection at  the  first  surface  would  certainly  tend  to  balance  this. 
Their  direct  measures  of  the  refractive  index,  n,  were  in  the  red  and 
yellow  region  of  the  spectrum  made  with  small-angle  prisms  of 
melted  vitreous  selenium,  and  as   might  be  expected,  there  is  a 

»R.  W.  Wood,  Phil.  Mag.,  June,  1902,  p.  607. 
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closer  agreement  in  that  region  with  the  values  of  n  calculated 
from  the  metallic  reflection  experiments.     In  the  green- violet  re- 


WAVE-LENGTHS 

Fig.  8. 


WAVE   LENOTMa 


Fig.  9. 
gion  the  direct  measures  of  n  were  made  by  interferometer  meas- 
urements on  very  thin  films  of  amorphous  selenium,  and  there  is 
some  doubt  as  to  the  validity  of  these  results. 
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Table  VIII. 

Index  of  refraction  and  absorption  coefficient  of  intreous  selenium. 


Column^: 

X 

n 

2 

Cal.  « 

3 

km 

4 

5 

6 

Wave. 

km 

Cal  Metal 

km 

km 

Length 

Direct. 

by  Reflec. 

Direct. 

Reflec. 

Cal.  Reflec. 

Cal.  Reflec. 

214/i/i 

280 

2*333 

.6841 

334 

.9767 

395      ' 

.9614 

400 

2.93 

.785 

410 

2.957 

1.0275 

415 

2.910 

.736 

425 

2.98 

.677 

430 

1.1437 

431 

2.381 

1.2613 

432 

3.00 

2.811 

.9487 

1.1776 

439 

2.947 

.4669 

442 

3.025 

.598 

.8205 

454 

. 

466 

3.065 

.571 

475 

3.075 

486 

2.604 

1.1554 

490 

3.120 

.478 

.4544 

503 

3.130 

508 

• 

2.885 

.7033 

510 

1.1354 

515 

.358 

520 

3.085 

524 

527 

2.673 

1.0855 

.7232 

550 

3.020 

.254 

1.0020 

580 

2.95 

2.735 

1.0440 

589 

2.925 

2.8076 

.155 

0.7637 

.7813 

.8827 

605 

2.90 

, 

.8415 

620 

1.1916 

1.0728 

631 

2.697 

.3443 

640 

2.765 

.0879 

656 

2.854 

.7729 

1.1046 

660 

710 

2.655 

.0456 

721 

2.692 

.0412 

735 

2.704 

748 

.5376 

.3478 

760 

2.61 

_     ^ 

.0234 

_        ._ 





Observers :  Cols.  I  and  3,  Pfund  and  Wood. 

Cols.  2  and  4,  Comu,  Quincke,  Glan,  Edmunds. 

Col.  5,  Edmunds. 

Col.  6,  Nutting  (cal.  by  Edmunds). 


Digitized  by 


Google 


No.  4-]  METALLIC  REFLECTION  01^  SELENIUM.  227 

From  the  data  at  hand,  it  is  extremely  uncertain  just  what  form 
to  assign  to  the  dispersion  curve  of  selenium.  Quincke's  observa- 
tions, though  covering  a  good  portion  of  the  visible  spectrum,  give, 
no  matter  from  what  point  of  view  we  consider  them,  results  which 
are  contrary  to  those  of  all  other  observers.  His  values  of  refrac- 
tive index  increase  with  increase  of  wave-length,  and  his  values  of 
the  absorption  coefficient  are  very  much  higher  than  any  other  de- 
terminations. I  am  at  a  loss  to  explain  his  results  except  that  they 
may  possibly  be  due,  as  the  high  absorption  would  suggest,  to  the 
fact  that  his  mirrors  were  made  some  time  before  he  actually  ob- 
served with  them,  and  so  had  a  chance  to  pass  over  into  the  gray 
crystalline  or  metallic  form,  the  apparent  absorption  of  which  he 
further  increased  by  polishing  just  before  observing. 

The  present  work  on  the  metallic  reflection  of  selenium  was  un- 
dertaken to  secure  merely  check  values  of  refractive  index  and  ab- 
sorption coefficient  for  two  or  three  wave-lengths  in  the  visible  spec- 
trum. It  would  seem,  however,  desirable  to  make  a  more  extended 
study  so  as  to  be  able  actually  to  plot  a  full  dispersion  curve  from 
a  single  set  of  experiments. 

Neglecting  Quincke's  observations,  the  values  of  refractive  index 
secured  by  other  determinations  of  the  principal  incidence  and  prin- 
cipal azimuth  lie  on  a  smooth  dispersion  curve  which  agrees  in  gen- 
eral **  march  "  with  that  observed  directly.  The  discrepancy  in  the 
values  of  the  absorption  coefficient  is,  however,  very  great,  and 
further  experiments  are  required  to  determine  the  extinction  curve 
of  selenium.  All  that  the  present  observations  enable  us  to  say 
definitely  is  that  the  absorption  increases  from  the  red  toward  the 
blue  end  of  the  spectrum.  Some  experiments  attempting  to  secure 
"  Reststrahlen "  in  the  ultra-violet  by  multiple  reflections  from  se- 
lenium surfaces  showed  no  great  increase  in  reflecting  power  in  that 
region  ;  if  anything,  there  was  a  falling  off! 

Lack  of  time  and  a  desire  to  measure  the  reflecting  power  of  se- 
lenium directly  by  photometric  methods  have  as  yet  prevented  the 
determination  of  more  accurate  dispersion  and  extinction  curves. 

The  values  secured  from  the  present  experiments  with  the  fresh 
mirror  for  the  wave-length  589/4//  will  be  used  as  a  basis  in  calcu- 
lating the  reflecting  power  for  different  angles  of  incidence  for  com- 
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parison  with  the  directly  observed  values  of  R.  And  in  deter- 
mining the  absorption  curve  from  the  experimentally  determined 
reflection  curve  for  normal  incidence,  the  dispersion  curve  resulting 
from  all  the  experiments  on  metallic  reflection,  excepting  those  of 
Quincke,  will  be  adopted.  In  this  way  all  the  quantities  used  and 
compared  will  result  from  experiments  in  which  the  chief  role  is 
played  by  the  surface,  and  so  there  will  be  a  common  ground  for 
the  comparison. 

Summary  of  Experiments  on  Metallic  Reflection. 

The  present  experimental  work  on  the  metallic  reflection  of 
selenium  has  shown  that  the  elliptical  polarization  of  plane-polar- 
ized light  by  reflection  from  vitreous  selenium  is  such  as  is  char- 
acteristic of  a  transparent  substance  for  wave-lengths  in  the  red,  and 
that  the  reflected  light  assumes  more  and  more  the  characteristics 
of  light  reflected  from  true  metal  surfaces  as  the  wave-length  of  the 
incident  light  is  decreased,  till  in  the  blue  selenium  acts  quite  like  a 
metal.     In  this  respect  selenium  is  somewhat  analogous  to  fuchsin. 

The  variation  of  the  principal  incidence  and  the  principal  azimuth 
with  changing  wave-length  was  noted.  The  principal  azimuth  in- 
creases as  the  wave-length  is  decreased,  while  the  principal  inci- 
dence passes  through  a  minimum  at  about  68o/i/i  and  then  remains 
fairly  constant  as  the  wave-length  is  decreased. 

The  effect  of  transforming  the  vitreous  selenium  into  the  gray 
crystalline  or  metallic  form  is  to  increase  the  absorption  for  all 
wave-lengths  in  the  visible  spectrum  and  to  render  the  condition  of  the 
elliptically  polarized  reflected  light  more  like  that  from  a  true  metal, 
the  change  being  more  marked  for  yellow  light  than  for  blue  or  red. 

Scratches  on  the  surface  of  the  mirror  increase  the  value  of  the 
azimuth  and  decrease  the  difference  in  phase  of  the  two  components 
of  the  reflected  light,  for  any  given  angle  of  incidence. 

Polishing  the  mirror  with  rouge  and  chamois  increases  the  phase- 
difference,  the  change  being  greater  for  the  wave-lengths  to  which 
the  unpolished  selenium  is  more  transparent.  Polishing  increases 
the  value  of  the  azimuth  for  all  wave-lengths. 

Lapse  of  time  makes  the  vitreous  selenium  behave  more  like  a 
metal,  decreasing  the  principal  incidence  and  increasing  the  princi- 
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pal  azimuth.  This  is  doubtless  due  to  the  formation  of  a  surface 
layer  in  which  the  conditions  are  very  different  from  those  of  interior 
portions  of  the  selenium. 

The  analytical  interpretation  of  the  elliptical  polarization  phe- 
nomena by  means  of  formulae  developed  chiefly  by  Drude  showed 
discordant  values  of  the  refractive  index  and  absorption  coefficient 
when  the  observations  of  different  observers  are  compared.  In 
general,  however,  the  dispersion  curve  rises  as  the  wave-length  is 
decreased  and  has  a  turning  point  in  the  green  at  about  505/4/4. 
The  absorption  rises  gradually  as  the  wave-length  is  decreased,  and 
all  the  experiments  as  well  as  the  application  of  the  dispersion 
formulae  seem  to  indicate  a  number  of  overlapping  absorption  bands 
in  the  blue-violet  region  of  the  spectrum. 

The  experiments  indicate  that  the  closer  and  more  extended  study 

of  the  absorption  and  dispersion  of  selenium  will  doubtless  present 

a  very  interesting  case  to  which  as  a  test  the  various  formulae  of 

metallic  reflection  and  of  the  dispersion  of  metals  may  be  applied. 

Johns  Hopkins  University, 

Physical  Laboratory,  May,  1903. 
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RESONANCE   IN   AERIAL  SYSTEMS. 
By  a.  H.  Taylor. 


THE  object  of  this  paper  is  to  outline  a  simple  method  of  attain- 
ing  resonance  in  systems  subject  to  electrical  oscillations  of 
high  frequency,  and  to  point  out  several  unique  lecture-room  dem- 
onstrations of  phenomena  peculiar  to  such  systems. 

As  has  been  pointed  out  by  Wien  (Ann.  der  Phys.,  page  686,  No. 
7,  1902)  and  others,  sharp  resonance  effects  occur  only  when  the 
damping  is  small  compared  to  the  energ^y  supply.  Such  an  arrange- 
ment as  is  shown  in  Fig.  i,  p.  233,  is  one  to  give  little  damping  in 
the  non-radiating,  low-resistance  circuit,  consisting  of  the  condenser, 
C,  a  spark  gap,  and  the  low  self-induction,  Py  of  the  primary  of  a 
Tesla  coil. 

The  aerial  A  is  coupled  magnetically  to  the  system  by  being  con- 
nected to  the  secondary  of  the  Tesla  coil  5,  one  end  of  which  is 
earthed.  Such  an  arrangement  has  been  used  by  Marconi,  Braun, 
Fleming  and  many  others. 

The  damping  of  the  oscillations  in  the  aerial  is  very  great,  but  the 
energy  supply  from  the  primary  circuit  is  also  great,  so  that  the 
total  damping  is  small. 

The  radiation  from  the  aerial  depends  on  the*  current  flowing  in 
it,  and  this  will  be  a  maximum  when  the  natural  period  of  the  sec- 
ondary of  the  Tesla  with  its  aerial  system  is  the  same  as  the  primary 
period.  The  secondary  period  depends  on  the  self-induction  of  the 
secondary,  of  the  aerial  itself,  and  upon  the  capacity  of  the  aerial 
system  relative  to  earth. 

Any  measuring  device  inserted  above  the  secondar)''  5  is  liable  to 
change  the  relative  capacity  and  hence  the  period.  Even  a  microm- 
eter spark-gap  to  measure  the  potential  of  the  wire  to  earth  will 
change  the  capacity  of  the  aerial  very  materially.  The  simplest 
way  is  to  insert  a  short  piece  of  platinum  wire  in  the  earth  connec- 
tion E,     Being  on  the  earthed  side  of  the  system,  a  Wheatstone's 
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bridge  connected  to  this  wire  will  not  change  the  capacity  of  the 
system.  The  platinum  wire  may  be  about  2  cm.  of  No.  36,  and 
forms  one  arm  of  the  bridge.  The  bridge  is  balanced,  and  the 
exdter,  a  6"  induction  coil  used  as  a  step-up  transformer,  with  10 
amperes  alternating  current  at  60  cycles,  is  turned  on.  The  flow 
of  current  in  and  out  of  the  aerial,  and  hence  in  and  out  of  the  earth 
connection,  is  in  nearly  all  cases  large  enough  to  heat  the  platinum 
wire  and  effect  a  change  in  resistance  of  sufficient  magnitude  to  be 
easily  noted  with  a  galvanometer  of  moderate  sensibility,  say  io~^. 

Then  coils  of  self-inductance  are  added  to  the  aerial,  just  above 
the  secondary  5. 

If  the  galvanometer  does  not  show  an  increased  deflection,  hence 
an  increased  resistance  of  the  platinum  wire,  and  more  current  in 
the  aerial,  then  the  capacity  of  the  aerial  combined  with  the  self-in- 
duction of  the  secondary  5,  gives  a  period  already  slower  than  that 
of  the  primary.  In  this  case  a  smaller  aerial  system  will  have  to 
be  used  or  else  the  primary  period  must  be  lengthened  by  added 
capacity  or  self-inductance  in  the  primary  circuit.  When  once  the 
primary  period  is  slower  than  that  of  the  secondary  and  earial,  added 
self-induction  to  the  aerial  will  at  first  produce  a  slow  increase  in  the 
galvanometer  deflection,  then  as  syntony  is  nearly  reached,  a  very 
rapid  increase,  attaining  a  maximum  beyond  which  further  addition 
of  self-induction  produces  a  decrease  in  the  deflection.  Self-induc- 
tion is  best  used  in  the  form  of  two  concentric  helices,  connected  in 
series  so  that  the  mutual  induction  between  the  two  opposes  the  self- 
induction  in  each.  By  sliding  the  inner  helix  in  and  out  the  self- 
inductance  can  be  smoothly  varied,  and  the  resonance  point  very 
quickly  determined. 

The  deflections  will  indicate  that  the  maximum  current  is  often  as 
much  as  one  hundred  times  as  large  as  the  current  when  the  aerial 
is  far  out  of  resonance. 

Having  the  radiating  aerial  resonating  the  primary  circuit,  it  is 
now  necessary  to  have  a  second  primary  circuit  in  tune  with  the 
first. 

The  second  Tesla  coil  should  be  made  with  the  secondary  self- 
induction  as  near  as  possible  hke  that  of  the  first.  The  primaries 
should  be  approximately  alike.     The  second  outfit  is  then  tuned  to 
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the  aerial  by  adjusting  the  small  variable  self-induction  /  in  the 
primary  circuit. 

The  method  is  the  same  as  when  tuning  the  aerial  to  the  first 
primary.       \ 

Now  we  have  two  oscillators  in  tune  with  one  aerial,  hence,  with 
each  other.  If  they  are  to  stay  in  tune  they  must  be  rigidly 
mounted,  and  used  in  the  same  relative  positions. 

The  secondary  primary  may  now  be  removed  to  the  receiving 
station  and  a  new  aerial  tuned  to  it,  in  which  case  the  two  primaries 
are  in  tune  with  each  other  and  with  the  two  aerials.  This  four-fold 
resonance  is  absolutely  necessary  for  the  best  results. 

In  case  the  aerial  is  coupled,  as  in  Fig.  2,  the  method  is  the 
same,  the  platinum  wire  being  inserted  on  the  ground  side  as  before. 
In  this  case  the  aerial,  with  its  capacity  to  earth  and  inductance, 
including  P,  must  resonate  the  impulses  in  E.M.F.  over  the  induc- 
tion P  considered  as  part  of  the  primary  oscillating  circuit. 

The  case  is  the  same  as  when  a  Tesla  coil  is  used,  only  here  we 
have  an  auto-transformer  coupling  of  ratio  I  to  i. 

The  resonance  of  aerial  systems  may  be  very  elegantly  demon- 
strated in  the  lecture  room  by  placing  a  small  lamp,  say  i  candle 
power  at  4  volts,  either  directly  in  series  with  the  receiving  aerial, 
or  across  the  spark  knobs  of  the  primary  circuit  of  the  receiver. 
If  an  ordinary  direct  current  make  and  break  is  used  on  the  coil, 
the  radiated  energy  attains  to  high  instantaneous  values,  such  as 
are  peculiarly  suited  to  the  operation  of  a  coherer  or  a  magnetic 
detector,  but  the  average  energy  is  far  lower  than  when  the  alter- 
nating current  is  used,  without  an  interrupter.  Hence,  to  transmit 
across  a  lecture  room,  say  a  distance  of  twenty  feet,  enough  energy 
to  light  the  lamp  in  the  receiving  circuit  it  is  necessary  to  operate 
the  induction  coil  with  alternating  current.  In  this  instance  a  6" 
spark  coil  carried  1 5  amperes  at  60  cycles  and  40  volts.  The 
power  factor  was  at  first  very  low,  but  as  the  transmitting  aerial 
came  into  resonance,  the  power  factor  ran  as  high  as  0.5.  A  spark 
gap  of  2-4  mm.  in  the  primary  circuit  must,  if  operated  continu- 
ously, be  cooled  by  an  air-draft  to  prevent  arcing. 

This  is  not  ordinarily  necessay,  as  the  coil  need  be  run  only  for 
short  intervals. 
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In  the  lecture  room  the  sending  aerial  may  consist  of  a  strip  of 
wire  netting  about  ten  feet  by  two  feet,  suspended  as  near  the  ceil- 
ing as  possible,  and  coupled  either  by  the  auto-transformer  method 
(Fig.  2)  or  by  the  Tesla  transformer  (Fig.  i)  to  the  sender.  The 
variable  self-inductance  should  be  in  series  with  the  aerial. 

The  receiving  aerial  is  similar,  and  may  be  used  with  or  without 
the  condenser  circuit  similar  to  the  primary  sender  circuit.  If  the 
condenser  circuit  is  used,  the  little  lamp  is  placed  across  the  spark- 
gap,  or  rather  where  the  spark-gap  would  be  if  the  receiver  were 
used  as  a  transmitter.  If  the  circuits  have  been  tuned  carefully,  the 
lamp  in  the  receiving  circuit  will  bum  brightly  and  steadily  as  long 
as  the  transmitter  operates.  If  either  aerial  is  thrown  out  of  reso- 
nance by  varying  slightly  the  self-inductance  in  series  with  them,  the 
lamp  goes  out  entirely. 
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Fig.  1. 


P.g.  2. 


If  desired,  a  hot  wire  voltmeter  or  ammeter  can  be  used  at  the 
spark-gap  of  the  receiving  circuit  in  place  of  the  lamp.  Under 
fair  conditions,  I  have  gotten  an  indication  of  over  an  ampere  at  the 
receiver,  distant  20  feet  from  the  transmitter.  This  drops  to  a  few 
tenths  of  an  ampere  when  either  aerial  is  thrown  a  little  out  of 
resonance.  The  Tesla  coil  coupling  is  best  suited  for  the  use  of  an 
ammeter,  since  in  the  receiver  it  acts  as  a  step-down  transformer. 
The  real  current  is  doubtless  somewhat  less  than  that  indicated, 
due  to  the  fact  that  the  ammeter  wire  has  higher  resistance  with 
such  high  frequencies  (of  the  order  of  10^)  than  it  has  for  ordinary 
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frequencies.     The  small  lamp  is  better  for  lecture  room  demon- 
strations. 

The  screening  effect  of  conducting  obstacles  may  be  illustrated 
by  interposing  a  wire  netting  screen  between  the  two  aerials,  caus- 
ing a  dimming  of  the  lamps  in  the  receiving  circuit.  Either  aerial 
may  be  thrown  perceptibly  out  of  tune  by  a  person  standing  near 
it,  or  by  holding  near  it  a  conductor  connected  to  earth,  thereby 
changing  its  capacity.  A  conductor  connected  to  earth  may  be 
suspended  near  the  transmitting  aerial,  and  the  aerial  tuned  accord- 
ingly to  its  new  capacity  by  adjusting  the  variable  inductance  in 
series  with  it.     The  radiation  under  these  conditions  is,  however. 
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Fig.  3. 
less  than  before,  as  shown  by  the  dimming  of  the  lamp  in  the  receiv- 
ing circuit.     This  illustrates  the  disadvantage  of  having  earthed 
conductors  in  the  neighborhood  of  an  aerial  wire. 

In  order  to  plot  a  resonance  curve  for  either  of  the  aerials  it  is 
necessary  to  know  the  magnitudes  of  the  currents  in  them.  To 
this  end  the  platinum  wire  used  on  the  ground  side  of  the  receiving 
aerial  was  replaced  by  the  4-voIt,  i  candle-power,  incandescent, 
and  balanced  in  one  arm  of  a  Wheatstone  bridge.  Then  alternat- 
ing currents  at  60  cycles  were  sent  through  the  lamp  while  still  in 
the  bridge  arm.  This  heated  the  lamp,  lowering  its  resistance 
(being  a  carbon  filament)  and  caused  the  galvanometer  to  deflect. 
The  heating  current  was  measured  by  sending  it  through  an 
Olivetti  hot  wire  voltmeter  of  known  resistance. 
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Curve  I.  shows  the  relation  between  heating  currents  and  deflec- 
tions of  the  bridge  galvanometer. 

The  lamp,  still  in  the  bridge  arm,  was  now  put  back  directly  in 
the  receiving  aerial,  and  the  galvanometer  deflections  observed  as 
the  self-induction  in  series  with  the  aerial  was  varied,  while  there 
was  a  steady  radiation  of  energy  from  the  transmitter. 

By  reference  to  Fig.  3,  the  galvanometer  deflections  were  trans- 
lated into  equivalent  currents  and  Curve  II.  plotted.  The  natural 
period  of  the  aerial  would  be  proportional  to  the  square  roots  of 
the  localized  self-induction,  the  capacity,  also  principally  localized, 
being  constant. 

Hence,  in  Fig.  4, 1  have  plotted  current  in  aerial  and  square  roots 
of  self-induction. 

The  self-induction  was  va- 
ried from  0.16  to  0.25  milli- 
henrys.  These  self-inductions 
are  certainly  not  correct  for 
such  high  frequency,  as  they 
were  obtained  by  calibration 
with  a  standard  at  low  fre- 
quency. However,  the  differ- 
ence is  not  large  enough  to 
affect  the  form  of  the  reso- 
nance curve.  For  Curve  II.  -^^  •QAjlT'RooTsorsEtFl^^&ucTioNs 
the  auto-transformer  coup-  Fig.  4. 
ling  of  the  transmitter  was  used,  and  the  receiver  consisted 
of  four  electric  light  cords,  suspended  from  the  ceiling,  and  all 
in  series  with  a  variable  and  previously  calibrated  self-induc- 
tance. The  receiving  aerial  was  10  feet  high  and  about  20  feet 
from  the  transmitter.  The  resonance  point  is  fairly  sharp  and  cor- 
responds to  a  self-induction  of  0.195  millihenrys.  The  capacity  of 
tlie  aerial  was  measured  by  charging  it  to  50  volts  and  discharging 
it  into  a  standard  condenser  one  hundred  times  in  succession.  The 
standard  condenser  showed  no  appreciable  leak  in  1 5  minutes  and 
three  determinations  of  the  receiving  aerial  capacity  agreed  within 
I  per  cent,  of  1.85  —  io~^®  farads.  This  gives  a  period  of  1.19 
X  io~*.  If  the  self-induction  were  calculated  or  measured  for  high 
frequency  this  period  would  be  slightly  decreased. 
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Curve  V.  shows  the  increased  sharpness  of  the  resonance  where 
the  receiver  as  well  as  the  transmitter  is  provided  with  an  auto- 
coupling,  and  the  little  lamp  placed  as  indicated  in  Fig.  5. 

The  receiver  condenser  circuit  has  the  same  period  as  the  trans- 
mitter. Hence  when  the  receiving  aerial  is  out  of  tune  with  the 
transmitter,  it  is  also  out  of  tune  with  its  own  condenser  circuit, 
and  the  resonance  is  very  marked. 

It  will  be  noted  that  the  currents  are  not  nearly  so  large  as  in 
the  aerial  itself.  The  sharper  resonance  is  attained  at  this  expense, 
adapting  this  system,  as  Wien  {foe,  cit,)  remarks,  to  short  distances 
in  territory  in  which  are  many  other  receivers,  thus  necessitating 
sharp  tuning,  and  not  requiring  much  energy. 

Fig.  6  is  obtained  with  a  simple  aerial  for  receiver,  and  the  Tesla 
coupling  for  the  transmitter.     The  resonance  is  not  very  sharp,  but 
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occurs  for  the  same  frequency  as  for  Curves  II.  and  V.  Wien  {loc, 
cit.)  has  shown  that  a  magnetically  coupled  system  radiates  two 
trains  of  waves  of  different  frequencies,  and,  in  general,  different 
damping  coefficients.  The  lower  resonance  point  at  i/Z  ==  0.575 
is  for  a  period  of  1.63  x  io~*  and  doubtless  corresponds  to  the 
second  and  less  predominant  wave-train.  The  damping  is  evidently 
much  greater  for  this  wave-length. 

Fig.  7  shows  the  resonance  effect  when  both  sender  and  receiver 
are  provided  with  the  Tesla  coupling,  and  the  lamp  is  put  across 
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the  spark-gap  as  in  Fig.  3.  The  Tesla  coil  in  the  receiver  acts 
as  a  step-down  transformer,  and  hence  the  current  is  greater  than 
in  the  aerial  itself.  The  effective  self-induction  of  the  secondary  of 
the  Tesla  coil  of  the  receiver  was  0.023  millihenrys,  so  that  in 
order  to  get  the  range  of  self-inductance  within  the  limits  of  the 
calibrated  variable  self-inductance,  it  was  necessary  to  use  an  aerial 
of  somewhat  smaller  capacity.  This  shifts  the  resonance  point  to 
L  =  0.237,  and  also  decreases  the  current  in  the  receiver.  If  the 
same  aerial  had  been  used  as  for  Curve  III.,  the  currents  would 
have  been  even  greater  for  Curve  IV.  It  will  be  noted  that  the 
resonance,  although  much  sharper  than  for  a  single  aerial  receiver, 
is  not  nearly  as  sharp  as  for  the  case  represented  by  Curve  V., 
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Fig.  8. 


while  the  energy  received  is  very  much  greater.  This  also  agrees 
with  Wien's  conclusion  that  the  Tesla  coupling  is  suitable  for  long 
distance  work  and  where  sharp  tuning  is  not  necessary.  The  curves 
are  all  steeper  on  the  side  towards  greater  self-induction,  as  is 
characteristic  of  electrical  resonance  curves  in  general. 

If  the  secondary  of  the  Tesla  coil  is  easily  removable,  it  may  be 
taken  out  and  inserted  in  series  with  the  aerial,  and  the  latter  joined 
to  the  primary  by  the  auto-coupling.  The  aerial  system  will  then 
still  be  very  nearly  in  tune,  a  very  slight  decrease  in  self-inductance  of 
the  aerial  being  advisable,  to  allow  for  the  mutual  induction  between 
primary  and  secondary,  which  is  now  absent.  In  this  way  one  can 
pass  from  one  coupling  to  the  other  without  stopping  to  tune  the 
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transmitter  each  time.  If  the  primary  has  no  "ballasting**  self- 
induction  (as  at/,  Fig.  i)  the  transition  is  not  quite  so  easy,  since 
the  lack  of  mutual  induction  now  lengthens  the  primary  period 
appreciably.  | 

If  the  receiving  circuit  is  far  distant  from  the  sender,  one  of  them  | 

can  be  tuned  to  a  small  portable  system  consisting  of  a  condenser 
with  a  variable  inductance  in  series.     The  other  system  can  then  be  \ 

also  tuned  to  the  portable  system  and  both  systems  checked  up 
occasionally  to  see  if  they  are  in  tune. 

Physical  Laboratory,  University  of  Winconsin, 
Madison,  January  6,  1904. 
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ON   THE   CONDUCTIVITY   PRODUCED    IN    RAREFIED 

GASES   BY   AN   INCANDESCENT   KATHODE.^ 

By  Ernest  Merritt  and  Oscar  M.  Stewart. 

THE  increased  electrical  conductivity  of  rarefied  gases  produced 
by  the  employment  of  an  incandescent  kathode  seems  to 
have  been  noticed  almost  simultaneously  by  Hittorf*  and  by 
Edison.  A  result  of  this  increased  conducting  power  is  strik- 
ingly shown  in  the  case  of  the  "Edison  effect"'  where  the  rela- 
tively small  fall  of  potential  in  a  glow  lamp  is  sufficient  to  pro- 
duce a  current  of  several  milliamperes  through  the  gas  separating 
the  two  ends  of  the  filament,  or  between  the  filament  and  a  third 
terminal  which  is  positive  with  reference  to  it.  The  destruction  of 
the  filament  can  often  be  tiaced  to  this  leakage  current  through 
the  gas.  Elster  and  Geitel  have  found  that  insulated  conductors 
acquire  a  charge  when  placed  near  an  incandescent  solid  in  a  par- 
tial vacuum,  and  have  made  an  extended  study  of  this  effect.  The 
explanation  offered  by  J.  J.  Thomson*  refers  both  of  these  phe- 
nomena to  a  common  cause,  namely  the  emission  by  the  incandes- 
cent solid  of  negatively  charged  particles,  which  may  either  impart 
a  static  charge  to  a  neighboring  insulated  body,  or  may  act  as  the 
carriers  of  a  current  between  the  incandescent  kathode  and  any 
suitable  anode.  Determinations  of  the  ratio  of  charge  to  mass  in 
the  case  of  these  particles  indicate  that  they  are  similar  to  those 
which  constitute  ordinary  kathode  rays.* 

There  are  many  points  of  similarity  between  the  behavior  of  an 
incandescent  kathode  and  that  of  a  kathode  of  suitable  material, 
such  as  zinc,  when  illuminated  by  ultra-violet  light.    At  sufficiently 

>  A  preliminary  account  of  the  work  here  described  was  presented  to  the  Physical  So- 
ciety, Feb.  22,  1902.     (See  Science,  Vol.  15,  p.  425.) 

'Hittorf,  Wied.  Ann.,  21,  p.  119, 1884. 

'Houston,  Trans.  Am.  Inst.  E.  E.,  Oct.,  1884,  Vol.  I.;  Fleming,  Phil.  Mag.,  July, 
1896 ;  Preece,  Proc.  Roy.  Soc  ,  38,  p.  219 ;  Elster  &  Geitel,  Wied.  Ann.,  37,  p.  315  ; 
Howell,  Trans.  Am.  Inst.  E.  E.,  14,  p.  27,  1897. 

*J.  J.  Thomson,  Conduction  of  Electricity  through  Gases,  Chap.  VIII. 

*J.  J.  Thomson,  Phil.  Mag.,  Vol.  48,  p.  547,  1899. 
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high  vacua  true  kathode  rays  appear  to  be  developed  in  both  cases. 
In  one  case  these  are  due  to  the  action  of  heat ;  in  the  other  case 
to  the  action  of  short  h'ght  waves.  The  experiments  here  described 
were  suggested  by  this  similarity  between  the  two  classes  of  phe- 
nomena. 

In  the  case  of  the  photo-electric  discharge  the  current  may  be 
looked  upon  as  consisting  of  two  parts :  (i)  The  current  carried  by 
the  kathode  rays  produced  by  illumination ;  (2)  the  current  carried 
by  the  ions  that  are  developed  by  these  rays  in  the  surrounding 
air.  That  ionization  is  really  produced  by  the  slowly  moving 
kathode  rays  of  the  photo-electric  discharge  has  been  shown  by 
direct  experiment.*  We  are  not  aware  that  there  is  any  direct  proof 
that  the  kathode  rays  from  an  incandescent  solid  possess  the  same 
ionizing  power.  But  it  seems  highly  probable  that  they  do.  If  so, 
the  current  in  the  case  of  the  Edison  effect  must  also  consist  of  two 
parts,  one  carried  by  the  kathode  rays  themselves  and  the  other  by 
the  ions  produced  by  them.  At  high  vacua  we  should  therefore 
expect  the  phenomena  to  appear  in  their  simplest  form,  since  the 
conducting  power  of  the  slight  remaining  traces  of  gas  would  in 
all  probability  be  inappreciable.  For  this  reason  our  first  experi- 
ments were  made  at  high  vacua,  and  experiments  were  afterwards 
made  at  pressures  in  the  neighborhood  of  i  mm.,  where  the  con- 
ducting power  of  the  air  proved  to  be  an  important  factor.  In  the 
main  the  results  obtained  were  such  as  would  be  anticipated  from 
the  above-mentioned  analogy.  But  at  high  pressures  a  phenomenon 
was  observed  whose  analogue  in  the  case  of  the  photo- electric  dis- 
charge has  not  heretofore  been  detected. 

Apparatus. 
The  apparatus  was  arranged  as  shown  in  Fig.  i,  which  shows 
the  lamp  at  half  its  actual  size.  The  filament  ^  was  of  low  resist- 
ance, and  in  our  experiments  took  a  current  of  from  1.2  amp.  to 
1.7  amp.  with  a  p.  d.  between  its  terminals  ranging  from  6  volts  to 
8  volts.  The  filament  was  surrounded  by  the  brass  cylinder  CC 
which  served  as  anode.     A  galvanometer  served  to  measure  the 

>  Merritt  and  Stewart,  Physical  Review,  Vol.  XI.,  p.  230,  1900. 
'  A  number  of  Blaments  specially  mounted  for  this  purpose  were  kindly  furnished  by 
the  Edison  lamp  works. 
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current  between  CC  and  the  filament.  A  battery  D  of  adjustable 
e.m.f.  in  series  with  the  galvanometer  gave  the  desired  potential 
difference  between  -Fand  CC,  The  galvanometer  current  was  in  all 
cases  so  small  that  the  resistance  of  the  galvanometer  and  con- 
nections produced  no  appreciable  fall  of  potential,  so  that  the  poten- 
tial difference  between  CC  and  F  was  the  same  as  the  e.m.f.  of  the 
battery. 

In  most  cases  the  circuit  containing  the  galvanometer  and  the 
battery  was  connected  to  the  negative  terminal  of  the  filament. 
The  positive  pole  of  the  battery  was  connected  to  the  cylinder  CC, 
thus  making  it  the  anode.  When  the  e.m.f.  of  the  battery  was 
zero,  the  cylinder  was  at  the  same  potential  as  the  negative  terminal 
of  the  filament.  In  this  case  there  would  be  no  galvanometer  cur- 
rent, since  the  discharge  takes  place  only  from  that  part  of  the  fila- 


Fig.  1. 

ment  that  is  at  a  lower  potential  than  the  other  conductor.  But 
when  the  e.m.f.  had  any  value  greater  than  zero  the  galvanometer 
was  deflected. 

Upon  reversing  the  battery  Z>  so  as  to  make  the  filament  the 
anode,  the  galvanometer  showed  no  current  unless  the  filament  was 
heated  to  high  incandescence;  and  even  then  the  current  was 
extremely  small.  This  reversed  current,  already  noticed  by  Flem- 
ing, has  not  been  investigated  in  the  work  here  described. 

The  magnitude  of  the  current  between  CC  and  F,  for  a  given 
e.m.f.  and  with  all  other  conditions  constant,  was  found  to  depend 
very  greatly  upon  the  degree  of  incandescence  of  the  filament. 
This  is  well  shown  in  Fig.  2.  The  upper  curve  is  for  an  e.m.f. 
of  1.4  volts,  or  one  Leclanche  cell  in  the  battery  Z>,  while  the  lower 
curve  corresponds  to  an  e.m.f.  of  r  i  volts,  or  8  cells.  The  vertical 
scale  in  the  latter  case  is  -^^  that  of  the  former. 
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Since  the  galvanometer  current  was  so  greatly  altered  by  changes 
in  the  lamp  current,  great  care  had  to  be  taken  to  keep  the  latter 
constant.  A  storage  battery  was  used  as  a  source  of  e.m.f.  But 
in  determining  the  curves  described  below  even  the  small  fluctua- 
tions in  the  current  from  this  battery  were  sufficient  to  introduce 
errors.  An  ammeter  was  therefore  kept  in  the  circuit  and  the 
current  was  adjusted,  when  this  was  necessary,  before  each  reading. 

A  McLeod  gauge  was  kept  in  connection  with  the  pump  through, 
out  the  work.  Very  little  reliance  can  be  placed  on  the  indications 
of  this  gauge,  so  far  as  absolute  values  of  pressure  are  concerned. 


1.20  AMPERES      1.30 


1.40 
CURRENT  IN  niAMCNT 


l.M 


Fig.  2, 


owing  to  the  small  bore  of  its  graduated  tube.  The  gauge  seemed 
to  be  especially  sensitive  to  the  sources  of  error  to  which  all  gauges 
of  this  type  are  susceptible.  But  the  readings  give  an  indication  of 
the  relative  values  of  the  pressure  in  different  experiments.  The 
gauge  was  also  useful  in  indicating  the  degree  of  constancy  of  the 
pressure  during  the  progress  of  a  series  of  measurements. 

Experiments  at  High   Vacua, 
The  character  of  the  results  obtained  at  high  vacua  is  shown  by 
the  curves  given  in  Fig.  3.     In  these  curves  the  abscissas  show  the 
p.  d.  between  filament  and  cylinder,  while  the  ordinates  give  the  cor- 
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responding  values  of  the  current.  Each  curve  corresponds  to  a 
certain  constant  value  of  the  current  in  the  lamp,  /.  ^'.,  to  a  constant 
temperature  of  the  filament.  During  the  determination  of  these 
curves  the  pressure  as  given  by  the  gauge  varied  between  .003  mm. 


8  12        10         20        24        28        32         36        40         44 

Fig.  3. 

The  unit  in  the  case  of  the  abscissas  of  these  curves  is  the  e.  m.  f.  of  one  Leclanch6 
cell — approximately  1.4  volts. 

The  curves  were  taken  with  the  following  values  of  the  current  in  the  Blament. 
Curve      I.   1.2  amp.  Curve  IV.   1.52  amp. 

Curve    II.   1.3  amp.  Curve   V.    1.6    amp. 

Curve  III.   1.4  amp. 

Pressure,  0.003-0.007  mm. 
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and  .007  mm.     This  variation  was  without  appreciable  influence  on 
the  results. 

It  will  be  noticed  that  the  curves  plotted  in  Fig.  3  show  the  char- 
acteristics that  we  should  naturally  expect  in  the  case  of  gaseous 
conduction.  The  current  at  first  increases  approximately  in  pro- 
portion to  the  potential  difference.  A  limit  is  soon  reached,  how- 
ever, beyond  which  a  further  increase  in  the  p.  d.  causes  only  a 
slight  increase  in  the  current;  "saturation"  has  been  reached. 
Saturation  is  more  complete  in  the  curves  corresponding  to  low 
lamp  currents,  /.  ^.,  to  a  relatively  low  temperature  of  the  filament. 
To  some  extent  these  curves  are  misleading.  Under  the  condi- 
tions of  the  experiment  very  similar  curves  would  be  expected  even 
if  the  galvanometer  current  did  not  depend  at  all  upon  the  magnitude 
of  the  p.  d.  between  filament  and  cylinder,  but  only  upon  its  sign. 

It  will  be  remembered  that  the 
galvanometer  circuit  was  con- 
nected to  the  negative  terminal 
of  the  filament,  and  that  the  cur- 
rent in  the  filament  was  sufficient 

to  maintain  a  p.  d.  of  from  5  to  8 

volts  between  its  terminals.  At 
the  beginning  of  each  experi- 
ment, therefore,  with  no  e.  m.  f 

'-^ —  in  the  galvanometer  circuit,  all 

portions  of  the  filament  are  posi- 
tive with  reference  to  the  cylinder.  Since  it  is  only  when  the 
incandescent  filament  is  a  kathode  that  the  Edison  effect  is  observed, 
no  current  will  flow.  If  a  small  e.m.f  is  placed  in  the  galvanom- 
eter circuit  so  as  to  make  the  cylinder  positive,  a  portion  of  the 
filament  near  its  negative  end  will  now  be  at  lower  potential  than 
the  surrounding  cylinder,  and  current  can  flow.  As  the  potential 
of  the  cylinder  is  raised,  a  greater  proportion  of  the  filament  be- 
comes negative  with  reference  to  it,  and  can  therefore  take  part  in 
the  transmission  of  current.  When  the  potential  of  the  cylinder  is 
equal  to,  or  greater  than,  the  potential  of  the  positive  end  of  the 
filament,  the  whole  incandescent  surface  has  become  kathode.  If 
we  assume  that  the  current  is  in  proportion  to  the  kathode  surface, 
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and  that  the  fall  of  potential  through  the  filament  is  uniform,  we 
should  expect  the  form  of  curve  shown  by  the  full  line  in  Fig.  4, 
regardless  of  any  direct  dependence  of  current  on  p.  d.  Since  the 
ends  of  the  filament  are  cooled  a  little  by  conduction,  the  curve  to 
be  expected  would  be  rounded  somewhat  as  shown  in  the  dotted 
line.     This  is  exactly  the  form  of  curve  obtained  experimentally. 

The  important  influence  on  the  results  of  the  difference  of  poten- 
tial between  different  parts  of  the  filament  is  well  brought  out  in 
F^S-    5-     Th^   curves   were   taken    under  identical   circumstances 
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Fig.   5. 


except  that  in  one  case  the  galvanometer  circuit  was  connected  to 
the  negative  terminal  of  the  lamp  filament,  as  usual,  while  in  the 
other  case  it  was  connected  to  the  positive  terminal  and  the  e.m.f. 
reversed.  The  character  of  both  curves  is  readily  explained  then 
by  the  variation  in  the  amount  of  the  filament  that  was  the  kathode 
with  respect  to  the  cylinder. 

In  Fig.  5  the  curves  to  be  expected  from  the  known  p.d.  between 
the  lamp  terminals  upon  the  assumption  of  a  uniform  drop  through 
the  filament  are  shown  as  dotted  lines. 
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These  curves,  and  others  like  them,  show  that  the  increase  in  cur- 
rent is  a  little  more  rapid,  and  continues  longer,  than  could  be  ac- 
counted for  by  increase  in  kathode  surface  only.  The  current  docs 
depend  somewhat  upon  the  p.d.  between  filament  and  cylinder. 
But  this  dependence  is  slight.  The  number  of  negative  ions  de- 
veloped at  the  incandescent  surface  is  therefore  increased  very  little 
by  increasing  the  potential  gradient.  Lenard  found  that  the  behavior 
in  the  case  of  the  photo-electric  discharge  at  low  pressures  is  similar 
to  this,  for  the  discharge  current  for  a  given  illumination  was  changed 
very  little  by  changes  in  e.m.f.  It  appears  that  the  development 
of  the^e  negative  ions,  either  in  the  case  of  an  illuminated  surface  or 
an  incandescent  one,  is  more  largely  dependent  upon  some  phe- 
nomena occurring  at  the  surface  itself  than  upon  any  electrical 
influences  from  outside. 

It  will  be  observed  that  there  is  nothing  in  the  results  obtained 
at  high  vacua  to  suggest  that  the  phenomena  are  influenced  by  the 
small  trace  of  gas  left  in  the  tube. 

Experiments  at  Low  Vacua. 

A  series  of  curves  taken  under  the  same  conditions  as  before  ex- 
cept that  the  pressure  in  the  tube  was  much  higher  had  the  same 
general  form  at  low  voltages  as  the  curves  shown  in  Fig.  3.  In  each 
case  practically  complete  saturation  was  apparently  reached  at  10  or 
1 1  volts.  But  when  a  larger  potential  was  employed  the  current 
was  found  to  be  much  larger  than  the  saturation  value.  In  Fig.  6 
are  shown  three  such  curves.  The  vertical  scale  is  different  for 
each  curve.  The  pressure  in  these  cases  was  about  0.5  mm. 
Similar  curves  were  obtained  at  a  pressure  of  0.16  mm.,  except 
that  for  a  very  low  temperature  of  the  filament  (current  in  filament 
=  1.19  amperes)  no  abnormal  increase  in  current  was  observed, 
even  with  an  e.m.f.  of  60  volts. 

It  was  in  these  observations  that  what  we  have  called  the 
"creep*'  was  first  noticed.  For  low  e.m.f.s  the  galvanometer 
promptly  took  a  steady  deflection ;  but  when  an  e.m.f.  greater 
than  about  10  volts  was  employed  the  galvanometer  current  did 
not  reach  a  steady  value  at  once,  but  slowly  increased  for  some 
minutes. 
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Curve  I.  in  Fig.  7  shows  the  manner  in  which  this  change  took 
place.     The  ordinates  are  proportional  to  the  galvanometer  deflec- 
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tions  and  the  abscissas  to  time.     In  this  case  the  current  through 
the  lamp  filament  was  1.50  amperes  and  the  e.m.f.  in  the  galva- 


10 

t 

1 

< 

i 

h 

X 

»- 

\  ; 

,^, 

k 

i^ 

? 

/ 

\ 

/ 

\ 

t 

1 

/ 

k 

1" 

/ 

N 

^^ 

^— — O— ^ 

11 

2 

20 


60 


80  300  120 


140  SEC      160 


Fig.  7. 


nometer  circuit  was  60  volts.     As  shown  in  the  curve,  readings  were 
taken  every  ten  seconds.     Even  at  the  end  of  100  seconds  the  cur- 
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rent  had  not  attained  a  steady  valUe.  Cases  were  noted  where  it 
required  a  much  longer  time  than  this  for  the  current  to  reach  its 
maximum  value ;  in  one  instance  an  increase  was  observed  for 
fifteen  minutes  after  closing  the  galvanometer  circuit.  But  for 
lamp  currents  greater  than  1.74  amperes  the  galvanometer  cur- 
rent, for  all  values  of  the  difference  of  potential,  reached  its  maxi- 
mum apparently  at  once ;  certainly  in  a  time  too  short  to  be 
observed  with  the  galvanometer. 

The  data  used  in  the  curves  of  Fig.  6  were  the  values  obtained 
after  the  deflections  had  become  steady.  The  first  deflection  for  a 
p.  d.  greater  than  10  volts  was  in  general  approximately  the  same 
as  that  given  by  10  volts ;  but  the  current  increased  slowly  up  to 
the  value  shown  in  the  curves  of  Fig.  6. 

If  a  rather  high  difference  of  potential  between  the  filament  and 
the  cylinder  was  maintained  for  some  time  and  then  suddenly 
decreased,  the  reverse  effect  was  obtained.  For  example,  if  the  gal- 
vanometer circuit  had  been  closed  for  some  time  with  60  volts,  and 
if  the  e.m.f.  was  then  suddenly  decreased  to  10  volts,  the  gal- 
vanometer current  would  at  first  be  much  larger  than  that  corres- 
ponding to  an  e.m.f.  of  10  volts  as  shown  on  the  curve.  It 
would,  however,  slowly  decrease  until  it  reached  the  value  that 
would  have  been  obtained  had  the  higher  e.m.f.  not  been  used. 
Curve  II.  in  Fig.  7  is  a  curve  plotted  from  the  observed  values  of 
the  current  at  different  times  after  the  e.m.f.  had  been  suddenly 
decreased  from  60  volts  to  1 1  volts.  In  this  case  the  lamp  current 
was  1.75  amp. —  a  value  so  great  that  the  time  increase  could  not 
be  detected  on  applying  the  higher  e.m.f.s.  This  slow  decrease  in 
the  current  was  always  noticed  on  suddenly  changing  to  any  lower 
p.  d.  from  a  p.  d.  greater  than  the  one  corresponding  to  the  point  of 
inflection  of  a  curve  like  one  of  those  in  Fig.  6.  Although  the 
*'  creep  down  *'  was  observed  for  the  higher  lamp  currents,  the 
duration  of  it  was  less  than  in  the  cases  where  the  values  of  the 
lamp  current  were  those  corresponding  to  cases  that  gave  the 
"  creep  up." 

The  rate  of  decrease  of  the  galvanometer  current  on  changing 
from  a  higher  to  a  lower  e.m.f.  was  to  a  large  extent  independent 
of  other  changes  in  the  connections.     For  example  the  decrease  for 


Digitized  by 


Google 


N  >.  4.]     CONDUCTIVITY  PRODUCED   IN  RAREFIED    GASES.         249 

a  given  time  after  the  higher  e.m.f.  was  cut  out  was  practically 
the  same  whether  (i)  the  lower  e.m.f.  had  been  connected  all  the 
intervening  time  or  (2)  the  circuit  had  remained  open,  up  to  this 
time,  or  (3)  the  cylinder  had  been  connected  directly  to  the  filament. 

Discussion. 

It  is  clear  from  the  experiments  here  described  that  the  phe- 
nomena are  much  simpler  at  high  vacua.  The  incandescent  fila- 
ment still  discharged  negative  electricity,  even  in  the  highest  vacuum 
that  our  pump  could  give.  It  seems  probable,  therefore,  that  the 
electrons  by  which  the  charge  was  carried  come  from  the  incandes- 
cent body,  rather  than  from  gases  in  contact  with  it 

The  resemblance  between  the  behavior  of  an  incandescent  kathode 
and  an  illuminated  kathode,  already  referred  to  at  the  beginning  of 
this  article,  is  too  striking  to  be  overlooked.  In  each  case  the 
phenomena  are  primarily  due  to  the  emission  of  negative  electrons 
by  the  surface  in  question.  In  one  case  it  is  light  —  more  especially 
ultra-violet  light  —  that  acts  as  the  agent  to  bringing  about  the 
emission  of  such  electrons.  In  the  other  case  the  high  temperature 
of  the  surface  produces  the  same  result  The  number  of  negative 
particles  sent  off  in  unit  time  depends  in  one  case  upon  the  intensity 
of  the  illumination ;  in  the  other  case  upon  the  temperature  of  the 
surface.  In  neither  case  is  it  largely  influenced  by  the  electric  field, 
provided  only  that  the  direction  of  the  field  is  such  as  to  make  the 
electrode  a  kathode. 

At  high  vacua  the  kathode  ray  particles  are  the  sole  carriers  of 
the  current,  and  since  their  number  depends  chiefly  on  the  degree 
of  incandescence  the  curves  show  saturation  at  low  values  of  the 
e.m.f.  As  the  pressure  is  increased  the  air  surrounding  the  kathode 
becomes  an  important  factor.  As  the  p.  d.  is  increased  the  kathode 
rays  will  move  at  an  increasing  speed,  and  will  finally  move  fast 
enough  so  that  upon  colliding  with  the  molecules  of  gas  these  will 
be  ionized.  The  ions  thus  formed  will  participate  in  the  conduc- 
tion between  the  filament  and  the  cylinder,  so  that  the  current  will 
again  increase  with  the  e.m.f  An  explanation  is  thus  offered  of 
the  form  of  the  curves  shown  in  Fig.  6.  Similar  curves  have  been 
observed   for  the  photo-electric   discharge  by  several   observers. 

*  Kreusler,  Beibl.,  22,  p.  698;  v.  Schweidler,  Wien.  Sitzungsber.,  107,  p.  881  and 
108,  p.  273,  1898;   also  Beibl.,  23,  pp.  5i3and  585. 
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Townsend  has  also  observed  a  somewhat  analogous  phenomenon 
in  the  case  of  the  conduction  through  gases  that  have  been  ionized 
by  the  action  of  Rontgen  rays.^  The  effects  observed  by  him  were 
satisfactorily  explained  upon  the  assumption  that  the  negative  ions 
produced  were  able  to  ionize  other  portions  of  the  gas,  just  as 
kathode  rays  do,  provided  that  the  conditions  were  such  as  to 
enable  them  to  acquire  a  certain  minimum  speed  between  collisions. 
Curves  similar  to  those  shown  in  Fig.  6  were  also  obtained  by 
McClelland'  in  the  case  of  the  current  passing  between  a  hot 
platinum  kathode  and  a  cold  anode. 

Although  the  hypothesis  of  ionization  by  collision  at  first  appears 
to  afford  an  entirely  satisfactory  explanation  of  the  results  obtained 
at  low  vacua,  yet  the  various  peculiarities  of  the  **  creep,**  and 
especially  its  long  duration,  offer  serious  objections  to  this  explana- 
tion. Many  attempts  were  made  to  throw  further  light  on  this 
phenomenon.  If  it  were  merely  a  case  of  a  slow  change  in  the 
ionization  in  the  gas,  the  conductivity  might  Be  expected  to  last  a 
short  time  after  the  circuit  through  the  filament  was  broken.  But 
the  galvanometer  current  dropped  at  once  to  zero  when  the  lamp 
circuit  was  broken.  Yet  if  the  lamp  circuit  was  at  once  closed 
again  it  was  found  that  the  increased  conductivity  was  still  present. 
Suddenly  reversing  the  direction  of  the  e.m.f.  in  the  galvanometer 
circuit  also  brought  the  needle  promptly  to  a  vibration  about  its 
zero. 

An  e.m.f.  of  60  or  80  volts  was  applied  long  enough  to  obtain 
a  steady  current,  and  the  galvanometer  circuit  was  then  broken  for 
a  definite  time,  from  10  to  30  seconds.  On  closing  the  circuit  the 
galvanometer  current  was  found  to  be  somewhat  less  than  its 
steady  or  maximum  value,  but  still  much  greater  than  if  the  circuit 
had  not  previously  been  closed.  The  current  would  creep  up  to  the 
value  it  had  before  the  circuit  was  broken  ;  but  the  fact  that  it  was 
initially  larger  indicated  that  the  increased  conductivity  of  the  tube 
had  in  part  remained  during  the  time  the  circuit  was  broken. 

Reversing  the  e.m.f.  in  the  galvanometer  circuit  for  20  seconds 
had  no  appreciably  different  effect  from  that  of  merely  breaking  the 

1  Phil.  Mag.,  Series  6,  Vol.  I  ,  p.  198.     1901. 

2 Cambridge  Philosophical  Proceedings,  Vol.  ii,  p.  296,  1902. 
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galvanometer  circuit  for  the  same  time.  The  conductivity  de- 
creased apparently  less  if  the  lamp  circuit  alone  was  broken  than  if 
the  galvanometer  circuit  alone  was  broken,  /.  e,,  after  keeping  the 
lamp  circuit  open  for  20  seconds  the  galvanometer  current  was 
larger  than  if  only  the  galvanometer  circuit  had  been  broken  for 
the  same  length  of  time.  Breaking  both  circuits  simultaneously 
for  30  seconds  apparently  produced  even  less  diminution  of  the  in- 
creased conductivity  than  breaking  the  lamp  circuit  alone. 

These  observations  show  that  the  gas  in  the  tube  does  not  remain 
a  conductor  for  any  considerable  length  of  time.  Even  if  a  current 
too  small  to  deflect  the  galvanometer  should  flow,  the  gas  would 
rapidly  lose  its  ions  and  its  conductivity.  Yet,  as  shown,  the  in- 
creased conductivity  is  affected  little,  if  any,  by  breaking  the  lamp 
circuit. 

It  therefore  appears  that  the  creep  cannot  be  explained  simply  by 
the  ionization  of  the  residual  gas.  We  are  led  to  suggest  that  the 
effect  is  due  rather  to  some  gradual  change  in  the  incandescent  sur- 
face, this  change  being  of  such  a  character  as  to  increase  the  rate  at 
which  kathode  rays  are  produced  ;  when  the  filament  is  no  longer 
negatively  charged,  or  when  it  is  allowed  to  become  cold,  the  sur- 
face gradually  returns  to  its  original  condition.  In  forming  any 
opinion  regarding  the  nature  of  this  assumed  change  in  the  incan- 
descent surface  we  must  bear  in  mind  the  fact  that  it  occurs  only 
at  low  vacua ;  at  high  vacua  nothing  abnormal  was  observed.  It 
is  therefore  clear  that  the  presence  of  an  appreciable  amount  of 
residual  gas  is  essential.  The  temporary  nature  of  the  change  in 
question  shows  that  it  cannot  be  due  to  oxidation  of  the  carbon 
surface,  or  to  any  similar  chemical  action.  But  the  results  may  be 
satisfactorily  explained  if  we  assume  that  somethii 
the  surface  without  uniting  with  it  chemically, 
posited  must  have  a  positive  charge,  for  it  is  or 
ment  is  negative  that  the  effect  is  observed. 

When  considered  from  this  point  of  view  the  ] 
creep  effect  have  many  points  of  similarity  with  case 
activity.  One  is  tempted  to  believe  that  an  active  j 
the  hot  carbon  and  that  the  negatively  charged  filar 
porary  radio-activity  in  the  same  way  that  it  woulc 
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by  the  emanations  of  radium  or  thorium.  There  is,  however,  one 
peculiarity  in  the  effect  which  shows  this  explanation  to  be  untenable. 
The  change  in  the  filament  which  caused  the  creep  persisted  for 
several  minutes,  even  if  the  current  in  the  filament  was  broken  ;  but 
no  current  could  be  detected  in  the  galvanometer  while  the  filament 
was  cold.  It  seems,  therefore,  that  the  material  deposited  on  the 
filament  does  not  possess  in  itself  any  marked  power  of  ionizing  the 
gas ;  it  merely  intensifies  the  effect  of  incandescence.  The  phe- 
nomena are  more  satisfactorily  explained  if  we  assume  that  the  de- 
posit on  the  filament  produces  a  condition  analogous  to  polarization 
in  a  voltaic  cell.  If  the  positive  ions  attracted  to  the  surface  ex- 
perience a  certain  difficulty  in  giving  up  their  charges,  a  double 
layer  will  be  formed  at  the  surface,  positive  just  outside  and  negative 
within.  This  will  greatly  strengthen  the  electric  field  at  the  surface, 
so  that  the  tendency  for  negative  electrons  to  escape  from  the  car- 
bon will  be  increased.  It  seems  surprising  that  such  a  double  layer 
is  not  at  once  destroyed  when  the  e.m.f.  is  reversed.  But  the 
porous  character  of  the  carbon  probably  permits  the  positive  ions  to 
penetrate  to  a  considerable  depth,  so  that  they  cannot  be  quickly 
removed  even  by  a  reversed  field.  For  the  same  reason  the  polar- 
ized condition  requires  an  appreciable  time  for  its  complete  de- 
velopment. 

It  is  hardly  to  be  expected  that  the  negatively  charged  filament 
itself  can  be  the  source  of  the  positive  ions  which  cause  this  polari- 
zation ;  these  come  rather  from  the  residual  gas.  It  is  evident 
therefore  that  the  effect  can  only  occur  at  relatively  high  pressures. 
The  formation  of  the  assumed  layer,  and  the  consequent  **  creep  " 
effect,  can  only  take  place  when  positive  ions  are  present  in  the  gas. 
But  there  is  nothing  to  produce  ionization  except  the  kathode  rays 
from  the  hot  carbon ;  hence  we  cannot  expect  the  polarized  layer 
to  form  until  the  velocity  of  the  kathode  rays  is  sufficient  to  pro- 
duce ionization  in  the  surrounding  gas.  In  other  words  the  creep 
effect  will  only  be  observed  when  the  e.m.f.  in  the  galvanometer 
circuit  exceeds  a  certain  critical  value.  For  e.m.f.'s  less  than  this 
we  have  the  ordinary  phenomena  of  conduction  in  a  gas  with 
ionization  at  the  negative  terminal  only ;  the  gas  itself  has  no  in- 
fluence upon  the  conduction,  except  so  far  as  it  alters  the  speed  of 
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the  negative  ions.  No  positive  ions  are  present.  For  higher  elec- 
tromotive forces  the  phenomena  are  modified  in  two  ways  :  (i)  The 
kathode  rays  produce  ionization  in  the  air,  which  now  participates 
in  the  conduction ;  (2)  positive  ions  now  being  present,  some  of 
these  collect  on  the  carbon  filament  and  form  there  a  positively 
chained  layer.  This  increases  the  ease  with  which  negative  elec- 
trons escape  from  the  hot  carbon,  so  that  kathode  rays  are  pro- 
duced in  greater  intensity.  When  the  critical  value  of  the  electro- 
motive force  is  exceeded  there  are  therefore  two  reasons  for  an 
increase  in  current,  and  .the  sudden  bend  in  the  curves  of  Fig.  6  is 
a  natural  result 

Since  the  MS.  of  the  preceding  article  was  sent  to  the  printer,  a 
preliminary  paper  has  been  published  by  J.  Stark,  which  deals  in 
part  with  experiments  upon  the  same  subject.*  The  arrangement 
of  apparatus  in  these  experiments  was  somewhat  different  from  that 
adopted  by  us  ;  and  to  this  fact  is  doubtless  to  be  ascribed  a  part  of 
the  difference  in  the  results  obtained.  But  we  are  unable  to  account 
for  all  of  the  differences  in  this  way. 

The  filament  employed  in  Dn  Stark's  experiments  required  a 
potential  difference  of  6  volts  at  its  terminals  to  bring  it  to  the 
proper  incandescence.  This  is  approximately  the  same  p.  d.  that 
was  used  in  our  own  work.  Instead  of  a  cylindrical  anode,  how- 
ever, a  wire  was  used,  this  being  placed  in  a  side  tube  at  a  distance 
of  6  mm.  from  the  filament.  At  pressures  ranging  from  0.029  mm. 
to  4.2  mm.  the  curves  connecting  the  e.m.f.  and  the  current  through 
the  gas  show  a  general  resemblance  to  those  plotted  in  Fig.  6  on 
p.  247,  but  differ  from  them  in  three  ways,  viz.:  (i)  the  rapid  increase 
in  conductivity,  which  indicates  the  beginning  of  ionization  by  col- 
lision, begins  at  about  1 1  volts,  instead  of  at  about  30  volts ;  (2)  a 
second  more  rapid  rise  in  the  conductivity  of  the  gas  occurs  at  about 
27  volts ;  (3)  at  about  40  volts  the  current  reaches  a  new  saturation 
value,  far  greater  however,  than  the  value  corresponding  to  e.m.f  s 
below  10  volts. 

The  sudden  increase  in  conductivity  observed  by  us  seems  to  cor- 
respond to  the  second  break  in  the  curve  obtained  by  Stark.  That 
this  point  corresponds  to  the  beginning  of  ionization  by  collision  in 

»  Physikalische  Zcitschrift,  Vol.  5,  p.  51,  Jan.  15,  1904. 
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the  nitrogen  remaining  in  the  tube,  as  suggested  by  Stark,  seems 
to  us  quite  probable.  In  fact  this  is  practically  the  explanation 
reached  by  us.  The  third  stage  mentioned  by  Dr.  Stark,  corre- 
sponding to  potentials  higher  than  40  volts,  was  not  observed  in 
our  experiments  ;  there  was  nothing  to  suggest  renewed  saturation, 
even  at  potentials  as  high  as  1 1 5  volts.  This  may  perhaps  be  due 
to  differences  in  the  form  and  dimensions  of  the  apparatus.  We 
are  at  a  loss,  however,  to  account  for  the  absence  in  our  curves  of 
the  first  stage  mentioned  by  Dr.  Stark.  No  sudden  increase  in 
conducting  power  in  the  neighborhood  of  1 1  volts  was  observed  in 
our  experiments.  Dr.  Stark  explains  the  break  in  his  curves  at 
about  1 1  volts  as  due  to  the  ionization  of  mercury  vapor,  and  there- 
fore sets  the  ionizing  potential  for  mercury  vapor  at  1 1  volts.  Since 
the  tube  used  in  our  experiments  remained  in  connection  with  the 
pump  for  days  M  a  time  there  is  every  reason  to  believe  that  mer- 
cury vapor  was  present.  Yet  there  is  no  indication  that  it  partic- 
ipated in  the  conduction  in  any  way.  This  is  true  not  only  in  the 
case  of  the  observations  at  the  relatively  high  pressure  of  0.5  mm. 
(Fig.  6)  but  also  in  the  case  of  the  observations  at  low  pressures 
(.003  mm.)  shown  in  Fig.  3.  The  latter  observations  seem  espe- 
cially well  adapted  to  show  the  influence  of  the  mercury  vapor  if 
such  influence  exists,  for  the  disturbing  effect  of  other  gases  is  re- 
duced to  a  minimum.  Unfortunately  the  observations  of  Dr.  Stark 
do  not  extend  to  pressures  below  0.029  so  that  no  direct  comparison 
of  our  results  is  possible. 

In  this  connection  the  great  difficulty  that  is  always  experienced 
in  completely  freeing  a  carbon  filament  from  occluded  gases  should 
not  be  forgotten.  In  order  to  accomplish  this  so  far  as  possible  we 
were  in  the  habit  of  running  the  filament  during  the  process  of  ex- 
haustion at  a  higher  temperature  than  that  used  when  making  meas- 
urements. Such  a  procedure  was  indeed  absolutely  necessary  in 
the  work  at  low  pressures,  since  the  liberation  of  gas  by  the  filament 
made  it  otherwise  impossible  to  maintain  a  high  vacuum.  When  it 
is  remembered  that  some  liberation  of  gas  will  still  occur  even  when 
this  precaution  is  taken,  and  that  it  will  occur  with  greater  rapidity 
when  the  temperature  of  the  filament  is  high,  certain  peculiarities  in 
the  curves  shown  in  Fig.  3  become  significant.     Curves  I.,  II.  and 
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III.  in  this  figure  show  practically  complete  saturation,  with  no  indi- 
cation of  ionization  by  collision.  There  are  the  curves  correspond- 
ing to  small  lamp  currents  and  therefore  low  temperatures.  In 
Curves  IV.  and  V.,  for  which  the  temperature  of  the  filament  was 
higher,  the  saturation  is  not  so  complete.  May  it  not  be  that  we 
have  to  deal  here  with  ionization  of  the  gas  liberated  from  the  fila- 
ment ?  And  may  it  not  be  that  the  effects  ascribed  by  Dr.  Stark 
to  mercury  vapor  were  in  reality  due  to  some  readily  ionized  gas 
given  off  by  the  filament  ? 

Dr.  Stark  does  not  appear  to  have  observed  the  phenomenon 
referred  to  by  us  as  the  **  creep.'*  It  seems  probable  that  the  fila- 
ment was  kept  at  so  high  a  temperature  in  his  experiments  that 
steady  deflections  were  reached  almost  instantly. 
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FIBERS   RESEMBLING   FUSED    QUARTZ   IN   THEIR 
ELASTIC    PROPERTIES. 

By  K.  E.  Guthe. 

THE  advantages  of  quartz  fibers  as  suspensions,  principally  their 
small  elastic  fatigue,  great  strength  and  the  possibility  of  draw- 
ing very  fine  threads,  have  led  to  their  use  in  a  great  many  impor- 
tant investigations  where  fine  suspensions  and  a  steady  zero-point 
are  required. 

In  my  work  su.spensions  were  needed  able  to  carry  a  load  of 
500  g.  and  more,  and  at  the  same  time  having  as  small  an  elastic 
fatigue  as  possible.  Naturally  fused  quartz  was  selected  as  the 
substance  promising  the  best  results.  Such  fibers  must  be  rather 
thick,  from  o.i  to  0.2  mm.  in  diameter.  Since  it  was  desired  to 
draw  them  at  least  one  meter  in  length,  it  required  the  melting  of 
a  rather  large  bead  free  of  air  bubbles.  The  process  of  building 
up  quartz  rods  is  known  to  be  rather  tedious.  Shenstone's  method  * 
is  simpler  and  consists  of  heating  the  crystals  to  about  1000°  C. 
and  suddenly  quenching  them  in  cold  water.  The  crystals  after 
such  treatment  are  not  shattered  and  do  not  break  when  brought 
into  the  oxy-hydrogen  flame.  A  stick  of  the  proper  dimensions  is 
easily  formed,  containing  however  a  large  number  of  air  bubbles. 
To  remove  these  is  a  very  tedious  task  and  particularly  exasper- 
ating, because  quartz  at  the  high  temperature  of  the  blowpipe  flame 
is  quite  volatile,  about  one  half  of  the  mass  evaporating  during  the 
process.  1 

Whichever  method  is  employed  it  means  a  considerable  loss  of  ! 

time,  if  a  great  many  fibers  of  the  dimensions  necessary  for  my 
work  have  to  be  drawn. 

Boys  ^  in  his  first  paper  on  this  subject  mentions  his  experiments 
on  a  great  many  minerals,  of  which  only  a  few,  however,  could  be 

» Shenstone,  Nature,  Vol.  64,  p.  65,  1901. 
2  Boys.  Phil.  Mag.,  Vol.  23,  p.  489,  1887. 
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drawn  into  fibers,  and  these,  he  says,  were  far  inferior  to  those  made 
from  fused  quartz.  I  have  also  tried  a  great  number  of  substances, 
aH  silicates  of  magnesium  :  Enstatite,  olivine,  serpentine  and  meer- 
schaum, but  without  success.  Only  the  amphibol-asbestos,  MgjjCa 
Si^Ojj,  in  the  ordinary  mineral  form  as  well  as  when  specially  pre- 
pared for  chemical  purposes,  and  the  steatite  or  soapstone,  Mg^H^ 
Si^O,2,  give  clear  beads  before  the  oxy-hydrogen  blowpipe.  These 
under  proper  precautions  can  be  drawn  easily  to  fibers  of  the  de~ 
sired  dimensions.  The  soapstone  is  especially  easily  worked  and 
gives  fibers  of  practically  the  same  elastic  properties  as  those  of 
quartz.  Since  the  method  of  making  them  is  so  simple  and  requires 
little  time,  a  short  description  may  be  of  general  interest. 

The  soapstone,  when  heated  to  a  high  temperature,  becomes  ex- 
ceedingly hard,  and  is  used  commercially  under  the  name  of  **  lava  *' 
for  making  apparatus  intended  to  be  able  to  stand  high  temperatures, 
for  example,  tips  of  gas  burners.  While  it  cannot  be  melted  before 
an  ordinary  blowpipe,  it  does  so  before  an  illuminating  gas-oxygen 
jet  and  forms  a  clear*  bead,  usually  of  a  greenish  tint  due  to  the 
presence  of  a  trace  of  iron.  The  original  soapstone  or  the  "  lava  " 
will  do  equally  well,  the  most  convenient  form  being  small  cylindri- 
cal sticks.*  If  the  flame  of  the  blowpipe  is  too  long  or  the  mix- 
ture of  the  gases  not  well  adjusted,  the  substance  will  boil  violently, 
while  with  a  small,  quiet  flame  it  melts  without  boiling,  a  slight  de- 
velopment of  gases  being  noticeable  only  at  the  upper,  cooler  part 
of  the  bead.  After  taking  the  pearl  out  of  the  flame,  the  thread 
is  drawn,  its  thickness  depending  upon  the  temperature  and  rapid- 
ity with  which  it  is  drawn.  Very  fine  fibers  can  thus  be  secured. 
The  fibers  should  not  be  heated  after  bei"ng  drawn.  In  a  Bunsen 
burner,  for  instance,  they  will  immediately  become  white  and  break 
to  pieces. 

Elastic  Fatigue,  —  It  is  very  well  known  that  fine  quartz  fibers 
show  hardly  any  elastic  fatigue,*  but  with  thicker  fibers  of  o.  i  to  0.2 
mm.  diameter,  the  effect  of  elastic  fatigue  became  quite  apparent. 
Careful  experiments  showed  that  small  twists,  or  twists  of  small 

'  Such  cylinders  3  mm.  in  diameter  and  7  cm.  long,  giving  colorless  transparent  beads 
about  5  mm.  in  diameter,  were  obtained  from  the  Chattanooga  Sunlight  Lava  Manufac- 
turing Company. 

^  Hoys,  1.  c,  p.  496;  Threlfall,  Phil.  Mag.,  Vol.  30,  p.  113,  1890. 
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amplitude  do  not  affect  the  zero-point,  while  larger  twists  being 
continued  for  several  minutes  would  displace  the  zero-point.  The 
apparatus  used  allowed  a  turning  of  the  torsion  head  while  the 
lower  end  of  the  fiber  was  held  in  its  original  position.  After 
release  the  zero  could  be  redetermined  in  a  few  seconds  and  the 
slow  disappearance  of  the  effect  of  elastic  fatigue  observed.  With 
fibers  70  cm.  long  and  o.  i  mm.  diameter,  the  displacement  after 
release  from  a  torsion  of  360°  lasting  5  minutes,  amounted  to  as 
much  as  2  in  3,000.  Fibers  made  of  steatite  showed  about  the 
same  effect,  which  is  however  very  much  smaller  than  any  other 
substance  experimented  with,  and  about  one  half  to  one  third  of  that 
shown  by  steel  or  phosphor  bronze. 

For  these  experiments  the  quartz  and  steatite  fibers  had  been 
silvered  at  their  ends,  then  coppered  and  finally  soldered  into  large 
brass  pins  clamped  securely  in  the  supports.  Thus  the  elastic 
fatigue  observed  cannot  be  attributed  to  an  effect  of  the  material 
with  which  fibers  were  fastened  to  the  other  parts  of  the  instru- 
ments. 

Tensile  Strettgth.  —  The  tensile  strength  of  very  thin  quartz 
fibers  is  quite  large:  10x10*  dynes  per  cm.^  but  it  decreases 
appreciably  with  increasing  thickness.* 

The  following  experiments  show  the  same  result.  From  Table 
I.  it  is  seen  that  the  tensile  strength  of  the  steatite  fibers  is  at  least 
as  large  as  that  of  quartz.  For  comparison  the  values  given  by 
Boys,  (B),  are  added.     The  decrease  of  tensile  strength  for  the 


Table  I 

• 

Quartz. 

1  " 

Lava. 

Diameter. 

Tensile  Strength.                 Diameter. 

Tensile  Strength. 

(B)  0.00048  cm. 

11.5  X 

10»dynes/cm.2 

<B)  0.00175 

8.0 

1 

0.0075 

6.21 

0.006  cm. 

13  X  iO*(Jyncs/cm.' 

0.0095 

6.91 

0.0095 

9.% 

0.010 

6.16 

0.010 

9.11 

0.015 

4.5 

0.011 

7.19 

0.0175 

3.91 

! 

0.0135 

6.92 

0.018 

4.08 

1 

*  Boys,  Phil.  Mag.,  V^ol.  30,  p.  116.  1890. 
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thicker  fibers  is  very  striking.     For  the  thickest  fibers  it  is,  how- 
ever, still  as  large  as  that  of  brass. 

Coefficient  of  Simple  Rigidity,  —  The  torsional  coefficient  was 
determined  by  the  well-known  method  of  vibration.  The  diameter 
and  length  of  the  fibers  were  carefully  measured,  a  cylinder  made 
of  Tobin  bronze  was  suspended  by  the  fibers  and  the  period  of  the 
torsional  vibrations  determined  by  means  of  a  chronometer.     Then 


n  = 


ZnIL 


Since  it  became  apparent  that  different  fibers  of  the  same  sub- 
stance gave  slightly  different  values,  and  since  the  diameters  of  the 
fibers  were  measured  only  with  an  accurate  micrometer,  no  correc- 
tion for  the  coefficient  of  expansion  was  made.^  The  mean  of  a 
number  of  experiments  gave  for  quartz  «  =  3.4x10";  for  the 
steatite  fiber  a  value  from  2.6  to  4.2  x  10".  Also  in  this  respect 
the  new  fiber  almost  exactly  equals  fused  quartz.  The  tempera- 
ture coefficient  of  the  torsional  constant  of  quartz  is  given  by 
Threlfall  as  +  0.000133  ;  by  Bamett*  as  -f-  0.000 1 15  ;  I  obtained 
-f-  0.000149.  Steatite  does  not  show  the  remarkable  property  of 
becoming  more  rigid  at  higher  temperatures.  Its  temperature 
coefficient  is  negative,  a=  —0.000193.  The  results  obtained  are 
given  in  Table  II.  and  plotted  in  Fig.  i. 


Table  II. 

Quarts. 

Lava. 

Temp.     1 

Period. 

n 

Temp. 

11°.45 
17M0 
22«.05 
26°.75 

Period. 

n 

8°.5 
19«.0 
22«.45 
26*».2 

8.3083 
8.3020 
8.2997 
8.2973 

3.4044x10" 
3.4096 
3.4115 
3.4134 

8.7507 
8.7556 
8.7590 
8.7625 

3.9830  xlO»i 
3.9777 
3.9755 
3.9723 

Coefficient  of  Expansion  of  Fused  Steatite,  —  The  following  experi- 
ments were  made  by  Mr.  L.  G.  Hoxton,  of  the  Bureau  of  Stand- 
ards, using  a  rather  thick  fiber  of  fused  steatite. 

The  length  between  two  fairly  well  defined  marks   110.4  ^^* 

»  See  also  Threlfall,  1.  c,  p.  108. 

^Barnett,  Phys.  Rev.,  Vol.  6,  p.  119,  1898. 
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apart  was  compared  at  different  temperatures  with  that  of  the 
standard  nickel  steel  decimeter  No.  43,  belonging  to  the  Bureau 
and  furnished  with  a  certificate  from  the  Bureau  International 
des   Poids  et  Mesures,  which  gives  its  linear  coefficient  as  a  = 


8.310 


8.306 


8.300 


W.206 


fi.765 


S.7C0 


8.755 


Fig.   1. 

0.96x10"^.  In  the  following  table  the  differences  between  the 
length  of  the  fiber  and  the  standard  are  marked  F— NS.  In  the 
third  column  is  given  the  linear  coefficient  of  expansion  counting 
from  the  lowest  temperature  and  in  the  last  the  number  of  observa- 
tions made  for  each  temperature. 


Table  III. 


Temp. 
+  19°.31 

+  3°.56 
-  2°.08 
+  21°.8 


F  — NS. 


4. 10.3  ii 

6.4 

2.8 

12.4 


a 

No. 

O.O53I7 

5 

0.0^58 

7 
5 

O.O5365 

4 

The  average  relative  coefficient  is  found  from  the  normal  equation 
1059.4^=410.1  y^^V^^ 
.-.     ;r=o.cxx>oo3So. 
The  absolute  linear  coefficient  of  expansion  is  therefore 

a  =0.0000045. 
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The  comparisons  were  made  on  a  Zeiss  horizontal  comparator, 
which  allows  a  direct  reading  of  i.o/i. 

An  attempt  to  obtain  a  fiber  with  a  zero  temperature  coefficient 
by  melting  quartz  and  steatite  together  was  unsuccessful.  As  soon 
as  too  much  quartz  is  present,  the  bead  loses  its  transparency.  If 
beads  made  of  soapstone  should  not  be  clear,  it  is  generally  due  to 
an  excess  of  quartz  in  the  substance.  In  such  a  case  the  addition 
of  a  small  amount  of  magnesia  or  magnesium  carbonate  will  clear 
up  the  bead. 

Index  of  Refraction  of  Fused  Steatite,  — Two  small  prisms  were 
ground  from  steatite  beads  and  their  index  of  refraction  for  sodium 
light  determined  by  the  method  of  minimum  deviation.  The  instru- 
ment used  was  a  spectrometer  reading  to  half  minutes.  Table  IV. 
contains  the  results. 

Table  IV. 


Angle  of  Priims.         '  Min.  Deviation. 


Prism  1 
Prism  2 


WV  I  44°1'  I  1.576 

60^4'  I  44°17'  1  1.578 


Also  for  these  determinations  I  am  indebted  to  Mr.  L.  G.  Hoxton. 

From  the  above  comparison  we  conclude  that  we  have  found  in 
fused  steatite  a  substance  which  shows  all  the  characteristic  prop- 
erties of  fused  quartz.  The  method  of  drawing  fibers  from  it  is 
very  simple,  and  since  the  substance  is  easily  secured  (an  old  jet  of 
a  gas  burner  will  furnish  a  large  number  of  fibers)  these  fibers  may 
with  advantage  be  used,  where  economy  of  time  is  an  important 
question.  One  more  advantage  lies  in  the  easy  handling  of  the 
fiber.  While  thick  quartz  threads  break  easily  when  bent,  those  of 
steatite  may  be  bent  considerably  more  without  breaking. 

Barnett^  working  with  fibers  from  cooj  cm.  to  0.007  cm.  in  diam- 
eter did  not  detect  any  time  effect  upon  the  period.  But  a  distinct 
effect  was  found  by  me  with  either  quartz  or  steatite  fiber.  The  quartz 
fibers  became  more  rigid  in  course  of  time,  a  behavior  resembling 
that  of  metals.^  Professor  Carhart  and  the  writer  have  found,  how- 
ever, a  decrease  of  rigidity  in  the  case  of  phosphor  bronze.'     Con- 

iBarnett,  1.  c,  p.  116. 

2  Nichols  and  Franklin,  El.  of  Phys.,  1.,  p.  99. 

'Carhart  and  Guthe,  Phys.  Rev.,  Vol.  9,  p.  292,  1899. 


I 

I 


Digitized  by 


Google 


262  K,  E,  GUTHE,  [Vol.  XVIII. 

tinued  vibrations,  es(>ecially  of  very  large  amplitude,  seem  to  have 
a  distinct  influence  upon  this  **  settHng  down  *'  to  a  steady  state,  if 
such  can  be  obtained.  Investigations  are  carried  on  concerning  this 
time  change,  in  order  to  determine  whether  different  spedmens  of 
quartz  will  differ  in  their  behavior  —  ours  contained  quite  a  large 
amount  of  strontium  —  or  whether  the  difficulties  are  to  be  attri- 
buted simply  to  the  size  of  the  fibers. 

Bureau  of  Standards, 
Washington,  D.  C. 
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THE  CONTINUOUS  METHOD  OF  STEAM 
CALORIMETRY. 

By  Joseph  H.  Hart. 


\/ 


THE  continuous  method*  of  steam  calorimetry  was  devised  as 
the  result  of  an  attempt  to  measure  the  variation  of  the 
specific  heat  of  a  body  in  a  magnetic  field.  Nearly  all  the  known 
calorimetric  methods  were  used  and  the  difficulty  of  getting  con- 
cordant results  in  consecutive  experiments  beyond  the  third  signifi- 
cant figure  without  special  refinement  in  the  method  and  in  the 
observations  was  early  recognized.  The  present  method  while  in- 
applicable to  that  problem  was  thereupon  developed  as  capable  of 
a  much  greater  accuracy  with  less  refinement  in  the  method  than 
any  method  hitherto  employed. 

If  a  stream  of  water  at  a  temperature  tf,  is  passed  through  a  worm 
which  is  immersed  in  a  steam  bath  and  emerges  at  a  temperature 
9^  the  heat  absorbed  by  the  water  is  fnS(p^  —  tf  J  where  m  is  the 
mass  of  water  passed  through  and  5  the  mean  specific  heat  between 
d^  and  dy  If  all  the  heat  absorbed  is  obtained  by  direct  condensa- 
tion of  steam  alone,  we  have  the  equation, 

where  M  is  the  mass  of  the  condensed  water  and  L  the  latent  heat 
of  steam. 

In  the  practical  development  of  the  method  the  process  was 
made  continuous.  The  condensed  water  was  collected  and  drawn 
off  continuously.  This  mass  and  the  mass  of  the  water  which  had 
passed  through  the  worm  were  measured  some  time  after  an  experi- 
ment so  that  complete  attention  could  not  be  given  to  the  determi- 
nation of  the  temperature  differences.  Thus  L  ox  S  could  be 
readily  determined,  if  the  other  was  taken  as  known.  Barnes* 
values  of  the  specific  heat  of  water  were  taken  and  a  large  num- 
ber of  experiments  were  made  to  determine  L  in  order  to  test  the 
efficiency  of  the  method. 
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Many  difficulties  were  encountered  in  the  preliminary  tests  on 
account  of  the  radiation  and  conduction  from  the  walls  of  the  cal- 
orimeter into  the  worm  and  many  of  the  small  details  of  construc- 
tion in  the  worm  and  calorimeter  are  the  result  of  much  study. 
The  measurement  of  the  condensed  water  also  presented  difficulties 
which,  it  is  believed,  have  been  overcome.  The  construction  given 
below  eliminates  the  radiation  and  conduction  of  heat  into  the  worm 
from  the  calorimeter,  or  at  least  satisfactorily  accounts  for  it  in  the 
quantity  of  condensed  water  collected,  both  by  theory  and  practice. 

The  prime  requirement  in  the  development  of  this  method  was 
the  uniform  production  of  a  large  amount  of  dry  steam  at  constant 
pressure.  The  only  way  by  which  the  temperature  d^  could  be 
kept  constant,  when  the  steam  supply  varied,  was  by  regulating  the 
velocity  of  the  flow  of  the  water  (w)  through  the  worm.  This  was 
found  undesirable  and  a  number  of  experiments  were  made  to  con- 
struct a  satisfactory  boiler.  A  slight  change  in  the  water  level  in 
the  boiler  was  found  to  produce  considerable  change  in  the  steam 
supply.  This  became  at  once  evident  by  a  change  in  the  tempera- 
ture ^2.  if  all  the  steam  supply  was  being  condensed.  Boiling  by 
bumping  also  produced  changes  and  external  drafts  on  the  boiler 
had  an  appreciable  effect.  The  slightest  complication  in  the  con- 
struction of  the  boiler  also  produced  considerable  variations  in  the 
pressure.  The  boiler  used  in  the  final  experiments  gave  very  satis- 
factory results  and  is  shown  in  Fig.  i.  It  is  completely  covered 
with  an  asbestos  jacket,  and  is  connected  through  a  small  interme- 
diate compartment  with  an  adjustable  constant  level  apparatus.  In 
the  top  is  a  water  manometer  with  constant  zero  resulting  from 
condensation  of  steam.  Its  dimensions  are  40  cm.  by  1 5  cm.  by 
25  cm.  high.  It  w|s  connected  to  the  calorimeter  almost  imme- 
diately through  a  tube  10  cm.  in  diameter.  This  boiler  was  used 
for  stretches  of  over  fourteen  hours  without  any  attention  whatever 
and  with  no  appreciable  change  in  the  steam  supply  or  in  the  pres- 
sure. The  water  manometer  was  very  sensitive  and  showed  small 
variations  in  the  pressure  when  the  calorimeter  was  connected  to 
the  boiler.  When  the  condensation  commenced,  however,  this 
variation  diminished  and  the  pressure  could  be  made  approximately 
constant  throughout  an  experiment,  after  the  rate  of  condensation 
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had  become  constant,  by  varying  either  the  heat  supply  or  the  size 
of  the  outflow  tube  from  the  calorimeter  to  the  condenser.  This 
steam  pressure,  constant  throughout  an  experiment,  was  less  than 
0.5  mm.  water  pressure  and  was  sometimes  added  to  the  baromet- 
ric reading,  but  was  more  often  totally  neglected. 


^i^l^!' 


Fl^.    1. 


The  calorimeter  was  a  metal  box  20  cm.  by  20  cm.  by  75  cm. 
high  with  a  conical  top  and  had  an  inlet  and  an  outlet  through  large 
corks  for  the  water  (;//),  an  inlet  and  an  outlet  for  the  steam  and  an 
outlet  for  the  water  condensed  on  the  worm.  The  calorimeter  was 
covered   with  a  heavy  asbestos  jacket  which  prevented  much  con- 
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densation  on  the  walls  of  the  calorimeter.  A  cross  section  of  the 
calorimeter  and  worm  is  given  in  Fig.  2.  The  worm  was  made  of 
the  thinnest  sheet  copper  compatible  with  the  necessary  strength 
and  consisted  of  a  cylinder  3  cm.  in  diameter  and  60  cm.  long  with 


Fig.  2. 

a  partition  across  it  one  quarter  of  the  way  from  the  upper  end. 
This  cylinder  was  then  wrapped  spirally  with  a  thin  strip  of  copper 
and  another  tight-fitting  cylinder  of  very  thin  copper  sheet  was 
screwed  on  this,  thus  forming  a  worm,  like  a  very  long  thin  ribbon. 
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This  worm  was  connected  at  the  lower  end  with  a  reservoir  of  thin 
sheet  copper  3  cm.  in  diameter  and  1 5  cm.  in  height.  The  partition 
across  the  inner  cylinder  formed  the  base  of  the  incoming  cold  water 
reservoir,  which  had  for  its  sides  and  top  the  ribbon-like  worm  filled 
with  warm  water.  The  incoming  water  was  carried  by  a  tube  to 
the  bottom  of  this  reservoir. 

The  object  of  this  construction  of  the  worm  was  to  present  a 
large  heating  surface  for  the  steam,  to  have  a  large  quantity  of 
water  heating  constantly,  and  to  keep  the  incoming  cold  water 
from  close  thermal  contact  with  the  steam,  thus  preventing  a  rapid 
local  condensation  of  the  steam.  While  a  rapid  local  condensation 
of  steam  is  undesirable,  since  the  rapid  cooling  would  tend  to  lower 
the  temperature  of  the  condensed  water  below  the  temperature  of 
condensation,  it  is  not  necessarily  detrimental  to  the  method.  For 
the  condensed  water,  whatever  its  temperature  may  be  soon  after 
condensation,  if  it  remains  a  sufficient  time  in  the  calorimeter,  will 
in  turn  condense  sufficient  steam  to  raise  it  to  the  temperature  of 
condensation. 

The  cold  water  was  sent  into  the  worm  through  a  heavy  rubber 
tube  which  was  sealed,  steam-tight,  into  a  large  cork  at  the  apex 
of  the  conical  top  of  the  calorimeter.  An  air  chamber  surrounded 
a  portion  of  the  tube  in  the  interior  of  the  cork.  The  walls  of  the 
cork  were  cut  at  an  angle  so  that  the  water  which  was  condensed 
from  the  steam  as  a  result  of  conduction  through  the  cork  to  the 
cold  water  was  collected  with  the  water  condensed  on  the  worm. 
A  cross  section  of  this  entrance  together  with  the  position  of  the 
thermometer  is  given  in  Fig.  2.  The  rubber  tube  was  fitted  over  a 
glass  tube  which  held  the  thermometer  and  through  which  the 
thermometer  was  read.  The  thermometer  was  completely  im- 
mersed in  the  flowing  water  and  did  not  touch  the  walls  of  the  tube 
except  at  the  top.  The  small  exposed  portion  of  the  tube  was 
wrapped  with  a  two-inch  layer  of  cotton.  In  this  was  a  small  cur- 
tain which  was  raised  whenever  the  temperature  was  observed. 
Throughout  the  experiments,  except  when  there  was  a  very  slow 
flow  of  water  through  the  worm,  the  temperature  of  this  thermom- 
eter was  not  0.1°  C.  higher  than  a  thermometer  immersed  in  the 
supply  tank. 
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The  condensed  water  was  collected  in  a  heavy  glass  jar  and 
siphoned  off  to  a  small  reservoir  outside  in  which  the  water  stood 
at  the  same  level.  From  this  reservoir  an  overflow  connected  with 
large  bottles  in  which  the  condensed  water  was  stored  during  an 
experiment.  These  bottles  were  corked  immediately  at  the  end  of 
an  experiment  and  kept  until  measured.  The  water  capacity  of 
this  system  was  found  to  be  quite  large  and  hence  its  sensitiveness 
to  change  in  water  level  was  small.  From  3  to  5  grams  of  water 
could  be  added  in  the  interior  of  the  calorimeter  without  producing 
motion  in  the  system.  The  sensitiveness  of  the  system  was  much 
improved  by  diminishing  the  air  pressure  in  the  outer  reservoir. 
This  was  done  by  an  aspirator  through  a  tube,  not  shown  in  Fig. 
2,  connected  to  the  outer  reservoir.  The  relief  in  pressure  was 
made  only  at  the  beginning  and  end  of  an  experiment.  A  number 
of  experiments  were  made  by  passing  known  quantities  of  water 
into  the  inner  receptacle  and  measuring  the  outflow.  The  aspira- 
tor was  used  for  a  very  short  time  before  water  was  poured  into 
the  vessel  and  again  just  as  the  flow  was  stopping.  The  difference 
in  amounts  of  water  put  in  and  drawn  off  were  less  than  0.5 
grams.  This  device  concedes  an  error  in  an  actual  experiment  on 
account  of  the  extra  condensation  of  from  20  to  30  c.c.  of  steam 
drawn  over  by  the  aspirator.  This  error,  however,  is  small  in 
comparison  to  the  error  resulting  from  the  water  capacity  of  the 
system. 

The  supply  tank  was  about  four  times  the  size  of  the  calorim- 
eter and  is  shown  in  Fig.  3.  It  has  a  constant  level  attachment 
and  was  used  to  give  a  constant  pressure  and  hence  constant  flow 
to  the  water  passing  through  the  worm.  It  was  surrounded  by  a 
constatit  temperature  bath  and  was  made  in  this  special  form  to 
give  a  constant  flow  of  water  at  0°  C.  The  incoming  water  was 
cooled  by  ice  or  a  mixture  of  ice  and  salt  and  water  at  4°  C,  col- 
lected at  the  bottom.  On  being  further  cooled  it  rose  in  the  other 
side  of  the  tank  and  was  drawn  off  at  o®  C.  approximately  through 
the  worm.  The  supply  tank,  however,  has  not  as  yet  been  used 
in  this  capacity.  Experiments  have  been  made  in  which  the  tem- 
perature of  the  water  flowing  into  the  worm  has  had  various  con- 
stant values  ranging  between  10°  C.  and  27°  C. 
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The  water  flowing  from  the  worm  was  drawn  off  through  a  thick 
heavy  rubber  tube,  curved  so  that  the  water  condensed  on  its  sur- 
face would  flow  back  into  the  condensed  water  reservoir.  The  tube 
was  sealed  into  the  cork  steam  tight  and  was  forced  over  a  T-tube 
in  the  interior  of  the  cork  as  shown  in   Fig.  2.     A  thermometer 


9 


Fig.  3. 

was  immersed  in  the  water  in  the  tube  as  shown  in  the  diagram 
and  was  kept  from  touching  the  sides  of  the  tube  by  rubber  bands 
at  the  other  end  of  the  tube.  The  entire  T-tube  was  wrapped  with 
a  two-inch  layer  of  cotton  and  a  small  curtain  removed  when  the 
temperature  was  observed.     A  small  shelf  was  placed  in  the  cork 
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in  the  interior  of  the  calorimeter  above  this  outlet  in  order  to  pre- 
vent water  which  was  condensed  on  the  sides  of  the  calorimeter 
from  flowing  in  the  condensed  water  reservoir.  While  a  certain 
error  exists  at  this  outlet  to  the  worm  due  to  conduction  of  heat 
through  the  cork  to  the  water,  it  is  very  small  on  account  of  the 
high  temperature  of  the  water.  It  is  probably  more  than  counter- 
balanced, however,  by  a  transfer  of  heat  from  the  water  externally. 

Also  a  certain  quantity  of  heat  was  lost  by  conduction  externally 
through  the  siphon  forming  the  condensed  water  outlet.  This  cool- 
ing of  the  siphon  and  the  condensed  water  contained  in  it  caused  an 
extra  condensation  of  steam  on  that  portion  of  the  siphon  inside 
the  calorimeter.  The  upward  bend  in  the  siphon  at  this  point  is 
intended  to  prevent  such  condensed  water  from  flowing  back  into 
the  condensed  water  reservoir. 

The  condenser  was  of  a  special  type  as  shown  in  Fig.  2.  It  was 
constructed  after  all  other  types  of  condensers  used  in  the  labo- 
ratory had  proved  inefficient.  In  construction  it  is  simply  a  metal 
box  with  a  shower  of  water  inside  and  a  pool  of  water  at  the  bottom 
with  an  overflow.  The  falling  water  acted  as  an  aspirator  and  a 
slow  steady  stream  of  air  was  drawn  in  through  the  steam  inlet. 
This  prevented  any  escape  of  steam  into  the  room.  The  condenser 
was  capable  of  condensing  all  the  steam  produced  by  the  boiler. 

It  was  thought  that  the  radiation  loss  as  a  whole  into  or  from  the 
worm  would  be  large,  but  this  was  found  to  be  not  so.  In  the  Joly 
steam  calorimeter  the  radiation  loss  amounted  to  4  or  5  mgm.  of 
condensed  water  per  hour.  The  radiating  surface  was  small  in  this 
calorimeter,  but  the  temperature  gradient  outward  was  approxi- 
mately the  same  over  the  entire  inner  surface  of  the  calorimeter. 

In  the  continuous  steam  calorimeter,  however,  the  temperature 
gradient  was  very  steep  throughout  a  large  portion  of  the  worm  so 
that  in  many  of  the  experiments  the  radiation  was  internal.  The 
heat  was  radiated  from  the  walls  of  the  calorimeter  into  the  worm 
and  raised  the  temperature  of  the  water  passing  through  it  about 
o.  1°  C.  The  radiation  correction,  however,  depended  on  the  values 
of  the  temperature  of  the  water  flowing  in  and  out  of  the  worm.  If 
this  water  went  into  the  worm  about  the  temperature  of  the  room 
and  emerged  at  nearly  the  temperature  of  the  steam,  heat  was  radi- 
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ated  both  to  and  from  the  worm  and  the  radiation  loss  became 
negligible  for  some  experiments,  within  the  limits  of  accuracy  used 
in  the  experiments.  However,  to  measure  and  correct  for  radia- 
tion, a  very  thin  sheet  copper  cylinder  was  used.  It  almost  com- 
pletely covered  the  worm,  as  shown  in  Fig.  2.  It  was  freely  ex- 
posed to  the  action  of  the  steam  and  rapidly  acquired  its  temperature. 
A  small  gutter  was  constructed  around  the  base  of  the  internal  sur- 
face of  this  cylinder  and  connected  with  the  condensed  water  reser- 
voir. A  similar  gutter  around  the  base  of  the  external  surface  of  the 
cylinder  connected  with  the  walls  of  the  calorimeter.  The  temper- 
ature of  this  copper  cylinder  was  maintained  at  approximately  the 
temperature  of  the  steam  and  radiation  occurred  in  both  directions, 
to  the  walls  of  the  calorimeter  and  to  the  worm.  The  loss  of  heat 
from  the  cylinder  to  the  wOrm  was  replenished  by  condensation  on 
the  cylinder  and  this  water  was  collected  in  the  condensed  water 
reservoir.  The  condensed  water  which  collected  on  the  cylinder 
on  account  of  radiation  to  the  walls  of  the  calorimeter  was  drawn 
off  with  the  water  condensed  on  the  calorimeter  walls.  There  is  no 
radiation  under  these  conditions  from  the  worm  outward,  not  even 
if  the  worm  acquired  the  temperature  of  the  steam. 

The  average  temperature  of  the  water  going  into  the  worm  and 
that  of  the  water  coming  out  of  the  worm  was  obtained  in  a  number 
of  different  ways.  The  thermometers  were  used  to  0.1°  C.  and 
were  calibrated  and  standardized  before  use  in  ice  and  steam.  No 
stem  corrections  were  made  and  errors  due  to  the  rising  and  falling 
of  the  mercury  column  were  totally  neglected  since  such  a  large 
number  of  readings  were  taken  under  such  a  variety  of  conditions. 
The  temperature  of  the  inflowing  water  never  varied  as  much  as 
1°  C.  throughout  the  total  time  of  the  experiment.  This  change 
was  generally  very  slow  and  uniform  and  readings  taken  at  regular 
intervals  gave  a  fair  average  temperature.  The  variation  in  the 
specific  heat  of  water  with  temperature  was  totally  neglected  in  con- 
sidering this  average  temperature.  The  temperature  of  the  water 
flowing  from  the  worm  was  oscillating  within  narrow  limits.  The 
size  and  shape  of  the  reservoirs  in  the  worm  were  varied  to  produce 
more  uniform  mixing  of  the  water  before  egress.  A  slow  oscillation 
of  about  2°  C.  in  amplitude  was  generally  present  in  the  hot  water 
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thermometer.  This  oscillation  of  temperature  could  be  followed 
absolutely  if  the  thermometer  was  read  at  ten  or  twenty  second 
intervals.  A  series  of  experiments  on  temperature  averages  carried 
on  conjointly  by  this  method  and  by  an  average  of  readings  taken 
uniformly  at  three  minute  intervals,  differed  only  in  the  fourth  place. 
The  temperatures  tf,  and  d^  were  therefore  obtained  from  a  series  of 
readings  at  one,  two,  or  three  minute  intervals,  depending  on  the 
quantity  of  water  which  was  passed  through  the  worm. 

The  details  of  operation  of  a  specific  experiment  were  as  follows  : 
The  boiler  was  started  and  the  rate  of  flow  through  the  worm  for  a 
definite  temperature  determined  and  then  made  permanent.  The 
apparatus  was  kept  in  operation  for  several  hours  before  beginning 
an  experiment  in  order  to  make  temperature  conditions  constant. 
When  ready  to  begin  an  experiment,  the  aspirator  was  turned  on 
momentarily  and  the  water  in  the  condensed  water  reservoir  reduced 
to  a  certain  definite  level.  Immediately  the  outflow  tubes  for  both 
m  and  J/ were  introduced  simultaneously  into  large  collecting  bot- 
tles which  possessed  only  small  capillary  openings  for  the  escape  of 
air  when  the  bottle  was  being  filled.  The  temperatures  ^,  and  6^ 
were  read  alternately  at  regular  intervals.  Generally  from  100  to 
250  readings  of  each  temperature  were  obtained. 

At  the  end  of  an  experiment,  the  aspirator  was  again  turned  on 
and  the  water  in  the  internal  reservoir  reduced  to  the  same  level  as 
at  the  beginning  of  the  experiment.  The  tubes  were  removed 
simultaneously  and  the  bottles  immediately  sealed.  The  barometer 
was  read  immediately  before  and  after  an  experiment.  The  collected 
water  was  allowed  to  cool  to  the  same  temperature,  generally  that 
of  the  room.  The  ratio  of  the  volumes  of  the  water  m  and  iT/ was 
then  obtained  by  direct  measurement  instead  of  the  ratio  of  the 
masses.     The  equation 

was  used  to  calculate  results.  Over  1 50  experiments  were  made 
and  the  following  table  consists  of  eight  consecutive  experiments 
taken  near  the  end  of  the  list.  The  specific  heat  is  taken  at  unity 
in  the  calculations  and  necessitates  a  correction  for  final  results. 
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Table  I. 


*1 

«a 

76.48 

V 

nil 

y 

L 

p 

17.04 

93.52 

1027 

537.07 

761.4 

17.71 

92.93 

75.22 

8613 

1207 

536.76 

756.7 

21.75 

}   97.15 

75.40 

14400 

2021 

537.23 

781.4 

14.21 

91.17 

76.96 

29987 

4293 

537.57 

770.2 

25.16 

98.72 

73.56 

13304 

1819 

538.01 

753.7 

15.39 

98.21 

82.82 

11107 

1709 

538.25 

746.1 

11.60 

90.32 

78.72 

10241 

1497 

538.52 

1   741.2 

17.73 

;   82.10 

64.37 

9997 

1193 

539.40 

759.4 

—  —  — 

.... 

—      — 
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—     — 

—     — 

When  lower  temperatures  than  those  shown  in  the  table  were 
taken  at  the  outlet,  nearly  all  the  steam  was  condensed.  Radiation 
into  the  worm  was  great  and  the  values  of  Z  obtained  were  very 
large.  The  condensed  water  was  cooled  below  the  temperature  of 
condensation  of  steam  and  correct  values  of  L  could  only  be  ob- 
tained by  taking  the  temperature  of  the  condensed  water  and  sub- 
stituting in  equation 


Z  = 


yS{d,^d,)^{ioo-^e,)s. 


The  values  thus  obtained  did  not  have  the  consistency  in  consecu- 
tive experiments  that  the  other  experiments  possessed.  If  the  re- 
sults in  the  table  are  corrected  to  the  nitrogen  scale  of  temperature 
and  for  the  variation  in  the  specific  heat  of  water  between  the  re- 
quired temperature  limits,  they  approximate  closely  to  Callender's 
standard  value  of  540.2  calories  at  20°  C.  They  average  several 
points  lower  in  value  and  point  to  the  existence  of  a  small  con- 
stant error. 

The  results  in  the  table  were  obtained  directly  from  prime  obser- 
vations and  compared  very  favorably  with  the  best  results  by  other 
methods,  even  though  their  measurements  be  made  with  the  greatest 
degree  of  accuracy,  and  have  all  the  necessary  corrections.  Thus 
Joly  with  the  steam  calorimeter  in  six  experiments  on  the  specific 
heat  of  water  between  lo**  C.  and  100°  C.  obtained  results  in  which 
the  measurements  varied  from  1.0044  to  1.0087.  Barnes  with  the 
continuous  electrical  method  obtained  results  in  five  experiments 
on   the  value  of  y,  the  mechanical   equivalent  of  heat,  at   29°   C, 
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which  vary  between  the  limits  4.1 771  and  4.1803.  These  two 
methods  are  probably  the  most  accurate  heat  methods  known.  The 
method  of  mixtures,  with  the  greatest  possible  refinement  in  the 
measurements,  may  acquire  the  same  degree  of  accuracy,  but  the 
corrections  are  too  large  and  probably  large  constant  errors  exist. 
The  continuous  method  of  steam  calorimetry  as  here  outlined,  is 
capable  of  a  much  greater  refinement.  The  small  constant  error  is 
probably  due  to  the  existence  of  air  in  the  water  and  the  subsequent 
production  of  bubbles  in  the  outflowing  water  {m).  The  quantity 
of  air  is  small  and  the  heat  absorbed  in  raising  its  temperature  may 
be  neglected.  The  existence  of  water  vapor  in  these  bubbles  and 
the  consequent  loss  of  heat  on  account  of  the  high  latent  heat  of 
vaporization  cannot  be  ignored.  It  probably  fully  accounts  for  the 
lower  average  value  of  the  latent  heat  which  was  obtained.  It 
probably  also  accounts  for  a  portion  of  the  difference  in  the  values 
obtained,  since  its  effect  was  irregular  and  depending  on  the  tem- 
perature of  the  outflowing  water. 

An  attempt  to  eliminate  this  source  of  error  was  .only  partially 
successful.  The  pressure  on  the  water  was  raised,  by  raising  the 
level  of  the  outflow  five  or  six  feet  and  resulted  in  a  diminution  of 
the  number  and  size  of  the  bubbles.  A  number  of  experiments 
have  been  made  with  special  care  which  have  given  concordant  re- 
sults in  consecutive  experiments  which  differ  only  in  the  fifth  signifi- 
cant figure.  The  constant  errors  enter  to  a  much  greater  extent 
and  have  not  been  as  yet  completely  classified.  An  absolute  deter- 
mination of  the  latent  heat  of  condensation  of  steam  is  being  made 
with  the  greatest  refinement  and  this  paper  is  a  preliminary  one  and 
intended  simply  as  a  development  of  the  method. 

The  Randal  Morgan  Laboratory  of  Physics, 
University  of  Pennsylvania. 
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ON   THE   DIFFERENTIAL   TELEPHONE.* 
By  William  Duane  and  Charles  A.  Lory. 


v/ 


1.  The  authors  have  tested  the  merits  of  a  "differential  tele- 
phone "  as  a  means  of  measuring  a  self-inductance,  and  have  de- 
vised an  exceedingly  accurate  method  of  measurement.  The  differ- 
ential principle  has  been  used  before  in  connection  with  a  telephone,* 
but  the  accuracy  claimed  for  it  in  the  measurement  of  a  self-induct- 
ance was  only  about  one  per  cent.  With  the  instrument  described 
below  an  accuracy  greater  than  one  fiftieth  of  one  per  cent,  has 
been  attained. 

2.  A  differential  telephone  receiver  is  one  on  the  bobin  (or 
bobins)  of  which  two  coils  A  A'  and  BB*  (Fig.  i)  are  wound  side 
by  side.  By  suitable  means  these  coils  are  adjusted  so  as  to  have 
equal  self-inductances  and  equal  resistances,  and  so  that  the  mag- 
netizing effect  of  a  current  flowing  through  one  coil  from  A  to  A' 
is  exactly  annulled  by  that  of  an  equal  current  flowing  through  the 
other  coil  from  B  to  B\  A  variable  self-inductance  standard 
5  is  joined  in  series  with  coil  AA\  and  the  coil  of  unknown  self- 
inductance  X  in  series  with  coil  BB' ,  A  non-inductive  variable 
resistance  R  is  inserted   in  series  with  S  ox  X  according  as  the 

A        E     a'       g  g'       c       F     R       S 

B  B'       6    0'        <<       G  X 

Fig.    1. 

resistance  of  X  is  greater  or  less  than  that  of  5.  The  two  entire 
circuits  are  then  joined  in  parallel  and  an  alternating  electromotive 
force  is  applied  to  the  branch  points  C  and  D,  By  varying  R  and 
5  values  can  be  found  easily  such  that  no  sound  is  heard  in  the 
receiver.     When  this  is  the  case  the  two  parallel  currents  must  be 

» Presented  at  the  St  Louis  meeting  of  the  American  Association  for  the  Advance- 
ment of  Science,  December,  1903. 

«  H.  Ho,  Electrical  World  and  Engineer,  May,  1903. 
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equal  to,  and  in  phase  with  each  other,  and  therefore  the  self-in- 
ductance of  X  must  equal  that  of  S. 

3.  Before  the  instrument  is  ready  for  use,  three  adjustments  are 
necessary,  but  these  may  be  made  once  for  all,  and  do  not  have  to 
be  repeated  before  each  measurement. 

First,  the  magnetic  effects  of  the  two  receiver  coils  must  be 
equalized.  This  is  the  most  difficult  adjustment,  as  it  is  impossible 
to  wind  the  two  coils  exactly  alike.  The  equality  of  the  magnetic 
effects  can  be  tested  by  joining  the  ends  A'  and  B  together,  and 
sending  an  alternating  current  through  the  two  coils  in  series  in  the 
direction  AA'BB',  The  same  current  then  passes  through  each 
coil  in  the  proper  direction,  and  the  magnetic  effects  are  equal  and 
opposed  to  each  other,  if  no  sound  is  heard  in  the  receiver.  In 
making  the  receiver  it  is  best  to  wind  the  two  coils  side  by  each 
and  as  close  together  as  possible,  and  each  layer  of  turns  should  be 
evenly  distributed.  If  in  the  first  layer  the  turns  belonging  to  coil 
AA'  are  nearer  the  diaphragm  than  those  belonging  to  coil  BB\  in 
the  second  layer  the  positions  of  the  turns  belonging  to  the  respec- 
tive coils  should  be  reversed,  a^id  so  on  alternately  in  the  succeed- 
ing layers.  Even  with  this  careful  winding  the  magnetic  effects  are 
not  exactly  equal  to  each  other ;  in  our  instrument  the  difference 
between  them  amounted  to  the  effect  of  a  fraction  of  a  single  turn. 
A  number  of  schemes  for  balancing  the  residual  effect  were  tried, 
but  the  only  one  that  completely  extinguished  the  sound  in  the 
receiver  was  the  insertion  of  a  small  coil  E  of  about  ten  turns  of 
wire  in  series  with  one  of  the  receiver  coils.  E  was  mounted  on 
the  frame  of  the  receiver  in  such  a  way  that  it  could  be  shifted 
about  with  its  plane  always  parallel  to  the  common  axis  of  the 
coils  AA'  and  BB',  A  position  could  be  found  for  E  that  com- 
pletely extinguished  the  sound,  even  though  an  alternating  electro- 
motive force  of  twenty  volts  was  applied  to  the  coils. 

The  second  and  third  adjustments  are  the  equalizations  of  the 
resistances  and  self-inductances  of  the  coils.  The  self-inductances 
can  be  equalized  by  placing  in  series  with  each  receiver  coil  a  pair 
of  coils  {aa'  and  bb'),  and  by  altering  the  distances  between  the 
coils  in  each  pair.  The  resistances  can  be  equalized  by  means  of 
sliding  contacts  moving  along  pairs  of  parallel  wires  {c  and  d).     The 
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test  for  the  equality  of  the  resistances  and  of  the  self-inductances 
is  accomplished  by  joining  the  circuits  from  A  to  Fznd  from  BtoG 
in  parallel,  applying  an  alternating  electromotive  force  to  the  branch 
points  and  varying  the  adjustments  until  no  sound  is  heard  in  the 
receiver.  After  these  adjustments  have  been  made  the  instrument 
is  ready  for  measurements. 

4.  In  comparing  the  self-inductance  of  a  coil  X  with  that  of  a 
standard  5  two  balances  must  be  made.  The  resistance  of  the 
parallel  circuits  must  be  made  equal  to  each  other  by  varying  R, 
and  the  self-inductances  equal  to  each  other  by  varying  5.  One 
of  these  balances  does  not  depend  upon  the  other  (as  is  the  case, 
for  instance,  in  Maxwell's  method  of  comparing  a  self-inductance 
with  a  capacity),  and  hence  the  double  balance  is  much  easier  than 
it  otherwise  would  be. 

If  the  divisions  of  the  resistance  box  R  are  not  small  enough, 
'the  final  balance  of  the  resistances  may  be  made  by  means  of  the 
sliding  contacts  c  and  d. 

Absolute  silence  in  the  telephone  receiver  can  be  obtained  easily, 
if  there  is  no  iron  in  the  self-inductance.  With  an  iron  core  a  very 
sharp  minimum  can  be  obtained,  but  not  in  general  total  silence. 
If,  for  instance,  the  coil  ^  is  a  Morse  telegraph  sounder,  several 
tones  of  different  pitches  can  be  heard,  and  values  of  5  and  R  can 
be  found  that  extinguish  the  most  prominent  tone. 

5.  The  accuracy  of  the  measurement  may  be  estimated  by  means 
of  the  following  calculation.  Suppose  that  the  resistance  of  the 
two  parallel  circuits  are  equal  to  each  other  and  each  equal  to  r, 
and  further  that  the  reactances  of  the  two  circuits  differ  from  each 
other  by  the  small  amount  dx^  x  being  the  reactance  of  one  circuit 
and  x+  dx  that  of  the  other.  The  complex  expressions  for  the 
impedances  of  the  two  circuits  are  (y  =  \/— i). 

Z,  =  r  +jx,         and         Zj  =  r  +7  (.r  -f  dx). 

If  e  Ls  the  simple  alternating  electromotive  force  applied  to  the 
branch  points  C  and  D,  and  /,  and  /^  are  the  currents  in  the  two 
branches  respectively, 

e  e 

L  =  — — ^ .         and         L  = 


r+jx'  2      Y -\' j(x '\- dx)' 
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The  sound  heard  in  the  receiver  depends  upon  the  difference  between 
the  two  currents,  and,  if  dl  is  this  difference. 


dl 


'        '         \.r'\-  jx      r 


-jx      r+j\x  +  dx)y 

Reducing  to  a  common  denominator,  neglecting  small  quantities  of 
higher  orders  than  dx  and  eliminating  the  imaginary  unit/,  we  find 
that  the  absolute  magnitude  of  d/  is 

cdx 

r^  +  JT 

If  dl  is  the  smallest  current  that  can  be  detected,  when  it  flows 
through  one  of  the  receiver's  coils,  dx  cannot  be  greater  than 

dx^.if  +  x^)'^^^. 

To  estimate  the  numerical  value  of  the  accuracy  assume  that  the 
resistances  r  and  the  reactance  x  are  each  50  ohms,  that  e  is  one  volt 
and  that  a  current  of  one  millionth  of  an  ampere  can  be  detected  by 
the  telephone.     These  values  are  not  unusual.     Then 

and  the  percentage  error  is 

100— =y^  per  cent. 

The  reactance  x  may  be  taken  to  be  that  of  the  standard  5  alone, 
for  the  reactance  of  the  rest  of  the  branch  circuit  is  very  small. 
The  reactance  is  due  to  self-inductance,  and  therefore  the  percentage 
error  in  the  measurement  of  the  self-inductance  is  also  ^^^  per  cent. 

As  a  matter  of  fact  the  accuracy  does  not  fall  far  below  the 
theoretical  value.  It  is  not  difficult  to  measure  a  self-inductance  to 
within  one  twentieth  of  one  per  cent.,  and  with  care  the  accuracy 
can  be  considerably  increased. 

6.  Electrolytic  resistances  also  may  be  measured  by  means  of  the 
differential  telephone.  For  this  purpose  the  coil  X  is  replaced  by 
a  vessel  with  suitable  electrodes  and  containing  the  electrolyte,  and 
the  standard  5  is  removed. 
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7.  The  advantages  of  using  a  differential  telephone  as  described 
above  for  measuring  a  self-inductance  are :  (a)  that  the  apparatus  is 
portable  and  does  not  get  out  of  order  easily ;  {b)  that  great  accuracy 
can  be  attained  and  the  manipulation  is  not  difficult ;  (r)  that  the 
heating  of  the  circuits  by  the  currents  does  not  alter  the  self-induc- 
tance balance,  and  therefore  that  large  electromotive  forces  may  be 
used  ;  and  (^)  that  only  one  standard  is  required  ;  it  is  not  neces- 
sary to  know  the  values  of  any  resistances  or  the  lengths  of  a  bridge 
wire.  The  disadvantage  is  that  the  self-inductance  of  the  standard 
must  equal  that  of  the  coil  to  be  measured.  If,  however,  the  self- 
inductance  to  be  measured  is  smaller  than  the  smallest  inductance 
obtainable  in  the  standard,  a  fixed  standard  may  be  placed  in  series 
with  the  unknown  coil,  and  the  sum  of  their  self-inductances  meas- 
ured ;  and  if  the  self  inductance  to  be  measured  is  greater  than  the 
greatest  inductance  obtainable  in  the  standard,  a  fixed  standard  may 
be  placed  in  series  with  the  variable  standard.  Thus  the  range  of 
measurement  may  be  increased  indefinitely  beyond  the  limits  of  the 
variable  standard. 

Physical  Laboratory, 

University  of  Colorado. 
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ON  THE  DETERMINATION  OF  REFRACTIVE  INDICES 
BY  MEANS  OF  CHANNELED  SPECTRA. 

By  S.  R.  Williams. 

IF  the  light  reflected  from  two  parallel  optical  surfaces  be  ex- 
amined with  a  spectroscope  of  sufficient  resolving  power,  the 
resulting  spectrum  will  be  traversed  by  dark  bands  corresponding 
to  those  wave-lengths  which  interfere,  the  center  of  a  dark  band 
occurring  when  2/i/>  =  2NXI 2  and  the  medium  between  the  sur- 
faces is  of  a  less  refractive  index  than  that  composing  the  optical 
surfaces.  For  the  center  of  a  light  band  2//Z^  =  (2iV+  1)^/2, 
where  D  is  the  linear  thickness  of  the  space  intervening,  X  the 
wave-length  and  N  some  intregal  number.  In  case  /x  becomes 
equal  to  unity,  as  occurs  wh^n  we  have  a  vacuum,  the  value  of  N 
in  the  above  equation  may  be  derived,  giving  the  length  of  the  path 
D  in  wave-lengths  of  light.  Using  the  sun  as  a  source  of  light 
there  will  appear  in  the  spectrum  the  Fraunhofer  lines,  in  addition 
to  the  interference  bands,  thus  furnishing  a  scale  of  reference  for 
every  interference  band. 

If  two  dark  bands  appear  in  determinate  parts  of  the  spectrum 
corresponding  to  wave-lengths  X^  and  X^,  then  by  the  above  equa- 
tions 2//j-D  ^NX^  for  the  longer  wave-lengths,  and  2fiJD  =  (iV  -j-  m)X^ 
for  the  shorter,  whence  assuming  //  =  I  we  obtain 

A  comparison  of  the  results  obtained  by  various  investigators  in 
the  determination  of  refractive  indices  shows  at  once  that  the  op- 
tical thickness  cannot  be  obtained  by  the  above  formulae  for  those 
substances  in  which  //  is  such  an  uncertain  quantity. 

Dr.  D.  B.  Brace  ^  has  shown  that  the  difference  in  path  of  two 

>  Phil.  Mag.  (48),  1899,  p.  345  ;  (I),  1 901.  p.  339. 
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interfering  rays,  or  the  optical  thickness,  may  be  determined  inde- 
pendently of  the  factor  //.  His  method  is  to  take  a  cell,  whose 
thickness  can  be  varied,  (usually  a  wedge-shaped  cell)  and  if,  in  the 
variation  of  the  thickness,  m  bands  are  shifted  past  a  definite  point 
in  the  spectrum  for  which  the  difference  in  path  iV  is  to  be  deter- 
mined, and  ;/  is  the  ratio  of  the  bands  between  two  definite  wave- 
lengths, >ij  and  l^,  before  and  after  the  variation  in  thickness,  then 

.v=  -"'"- . 

I  —  n 

Being  able  to  determine  the  difference  in  path  thus,  we  are  fur- 
nished with  the  means  for  determining  the  value  of /i  for  any  trans- 
parent substance.  For,  if  we  take  as  a  medium  of  reference  a  sub- 
stance of  index  //^,  which  is  accurately  known,  2fJL^D  =  A^^^.  In  the 
body  whose  index  is  to  be  determined,  2/i^Z?  =  A''^^.  D  and  X  being 
made  the  same,  we  have 

^. 
I'.  =  ^v  ^'^' 

that  \s,  the  refractive  index  of  any  substance  is  equal  to  the  ratio  of 
the  optical  lengths  of  equivalent  paths  in  that  substance,  and  the 
medium  taken  as  a  reference,  multiplied  by  the  index  of  the  refer- 
ence film. 

For  liquids  the  path  D  may  be  easily  made  the  same  by  making 
a  thin  wedge-shaped  cell  with  its  sides  parallel,  and  allowing  the 
light  to  be  reflected  from  a  narrow  vertical  section  of  the  same.  If 
the  upper  half  of  the  narrow  section  reflects  from  the  surfaces  of 
the  film  taken  as  a  reference,  and  the  lower  half  from  a  substance 
whose  index  is  to  be  determined,  there  will  occur  in  the  spectrum, 
simultaneously,  two  sets  of  interference  bands  from  which  the  orders 
of  interference  may  be  calculated,  and  from  these  the  index. 

By  the  distribution  of  the  two  sets  of  bands  thus  obtained,  the 
dispersive  power  of  the  two  substances  may  be  compared,  for  if  // 
was  larger  in  one  than  in  the  other,  the  bands  would  appear  more 
frequent  throughout  the  spectrum  as  shown  by  our  equation  above. 
In  this  way  the  complete  record  of  dispersion  of  a  body  may  be 
obtained  throughout  the  spectrum.  Furthermore  the  bands  super- 
imposed upon  the  Fraunhofer  lines  as  a  scale  may  be  photographed. 
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and  a  perrnanent  record  made  of  the  dispersion  of  the  substance 
examined. 

To  make  this  a  practical  working  method  was  the  object  of  this 
investigation. 

A  four-inch  Rowland  concave  grating,  14,438  lines  to  the  inch, 
with  Brashear  mounting,  and  focal  length  of  ten  feet  was  used. 
Fig.  I  shows  the  arrangement  of  the  optical  system.  The  slit  was 
illuminated  by  the  direct  rays  of  the  sun,  and  an  image  of  the  same 
was  formed  on  the  wedge  W  by  the  lens  L,  In  the  usual  mount- 
ing of  the  Rowland  concave  grating,  the  slit  or  its  image  should  be 


Fig.  1. 

placed  over  the  intersection  of  the  ways,  in  order  that  the  spectrum 
may  be  brought  to  a  focus  on  the  proper  focal  curve.  Instead  of 
doing  this  the  light  coming  from  the  slit  5  through  the  lens  L  was 
reflected  by  means  of  the  prism  p^  upon  the  wedge  W,  where  the 
image  of  the  slit  was  formed.  The  two  surfaces  of  fF returned  the 
light  to  the  prism  p^  which  reflected  it  upon  the  grating  G,  The 
distance  of  W  from  p^  and  p^  was  such,  that  the  image  in  /,  was  at 
the  intersection  of  the  ways,  and  thus  the  conditions  for  accurate 
focusing  were  secured.  The  image  of  the  slit  at  W  served  two 
purposes,  in  that  it  brought  the  Franuhofer  lines  and  interference 
bands  into  focus  at  the  same  time,  and  also  afforded  the  means  of 
getting  a  narrow  vertical  section  of  the  cell. 

Plate  glass  cut  in  strips,  3x13  cm.,  and  6  mm.  thick,  formed  the 
sides  of  the  wedge-shaped  cell.     To  keep  the  plates  apart  and  also 
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form  the  bottom  and  ends  of  the  cell  as  well  as  the  dividing  strip 
between  the  films,  cork  strips  about  .75  mm.  thick  were  cut  out,  as 
shown  in  Fig.  2.  The  plates  were  then  held  firmly  against  this 
strip  by  means  of  clamps,  those  on  one  end  being  screwed  down 
more  tightly  than  the  other,  in  order  to  make  the  cell  wedge-shaped. 
The  mounting  of  the  cell  was  so  arranged  by  means  of  a  rack  and 
pinion,  that  it  could  be  raised  and  lowered  in  a  vertical  direction, 
and  also  moved  in  the  direction  of  its  length,  by  means  of  a  microm- 
eter screw.  For  photographing  the  two  sets  of  bands  simul-  || 
taneously  the  cell  was  so  moved  that  the  image  of  the  slit  occupied 
a  position  as  ab  in  Fig.  2. 

ABCD  is  that  part  of  the  cell  containing  the  film  of  reference, 
while  the  rest  of  the  cell  holds  the  liquid  whose  index  is  to  be 
determined.  The  two  sets  of  bands  having  been  photographed 
together  the  cell  was  moved  parallel  to  its  length,  while  the  bands 


Fig.  2. 

from  the  liquid  film  were  counted  as  they  moved  past  some  fixed 
point  in  the  spectrum,  until  the  image  of  the  slit  occupied  a  position 
as  cd  in  Fig.  2.  In  this  position  a  set  of  bands  throughout  the 
spectrum  was  photographed,  and  knowing  the  index  for  one  wave- 
length, it  could  be  determined  for  all  others  by  counting  the  bands. 

Air  was  used  for  a  reference  film.  Its  index  has  been  very 
accurately  determined,  by  means  of  the  interferometer,  and  the 
presence  of  a  vapor  does  not  effect  it,  as  it  has  been  ascertained 
that  the  refractive  index  of  dry  air  is  only  about  one  millionth 
greater  than  air  saturated  with  a  vapor.  The  values  as  found  by 
various  investigators,  vary  by  little  over  one  part  in  a  million.  Air 
has  also  been  used  as  a  medium  of  reference  by  other  investigators, 
and  so  is  used  in  this  work. 

The  direction  of  variation  in  thickness  of  the  cell  is  at  right 
angles  to  the  interference  bands,  since  along  their  length,  the  thick- 
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ness  must  be  uniform.  They  will  be  parallel  to  the  Fraunhofer 
lines  then,  when  the  refracting  edge  of  the  cell  is  parallel  to  the 
image  of  the  slit.  This  was  the  means  used  for  getting  the  plates 
of  the  cell,  parallel  in  a  vertical  direction,  for,  if  the  interference 
bands  were  brought  into  coincidence  above  and  below  the  dividing 
strip,  before  the  liquid  is  introduced,  the  value  of  D  for  both  films 
must  be  the  same. 

Another  condition  necessary,  to  give  D  an  equivalent  path,  in 
both  films,  is,  that  the  incidence,  be  normal  upon  their  surfaces, 
for,  owing  to  refraction  at  the  bounding  surfaces  the  ray  will 
be  bent  more  or  less  for  one  than  the  other  depending  upon 
the  difference  in  index,  consequently  D  would  vary  for  the  two 
films.  In  the  system  used,  normal  incidence  was  not  possible, 
but  it  was  made  so  small,  that  it  entered  no  appreciable  error.  Let 
AO,  Fig.  3,  represent  the  path  of  normal  incidence  upon  air  film  xy 


contained  between  two  plates.  Let  BOC  be  the  path  of  a  ray  at 
an  incident  angle  of  ^^.  Since  the  film  xy  is  an  air  film,  the  angle 
of  refraction  at  its  surface  will  be  the  same  as  the  angle  of  incidence 
on  the  plate  (0^  =  d^,  d^  will  also  be  a  maximum  for  air,  hence  if 
it  can  be  shown  that  the  angle  0^  does  not  produce  an  appreciable 
error  in  difference  between  c  and  b,  which  are  the  lengths  of  D  at 
normal  and  oblique  incidence,  then  it  can  be  shown  that  for  a  ray 
incident  at  an  angle  d^  upon  two  films,  as  an  air  and  a  liquid  film, 
the  difference  in  D  for  the  two  is  not  an  appreciable  error.  For 
the  difference  in  the  angle  of  refraction  at  the  surfaces  of  the  two 
films,  can  never  be  as  large  as  0^,  consequently  the  difference  in 
length  can  never  be  as  great  as  ^  —  ^  in  the  figure. 
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tan  #,  =  , 
o 

sin  ^,  = 
•^      c 

,  -  =  tan  ^  (  -— ij-  —  4.    "/T  I  =  sec  tf,  —  I 
^  M  sin  #^      tan  #^  /  ' 

but  (r  —  ^)/^  is  the  per  cent,  of  error  introduced.  In  the  apparatus 
as  set  up,  the  h'ght  at  prism  /j,  Fig.  i,  was  diaphragmed  so  that  d^ 
was  about  25'.  Substituting  this  value  in  the  above  equation, 
shows  an  error  of  about  three  parts  in  a  hundred  thousand.  With 
light  incident  on  two  films  the  error  due  to  difference  of  path  D  is 
still  less,  as  shown  above. 

In  the  liquid  films  with  oblique  incidence,  dispersion  produces  a 
variation  in  D  for  the  different  wave-lengths,  so  that  if  the  index  of 
the  substance  under  examination  be  smaller  than  that  of  the  con- 
taining cells,  the  path  D  for  the  violet  ray,  will  be  greater  than  that 
of  the  red,  since  it  will  be  bent  away  from  the  normal  more  than  the 
less  refrangible  wave-lengths.  We  have  shown  that  difference  in 
path,  due  to  refraction,  produced  a  negligible  error,  and  since  the 
angle  of  deviation  is  always  less  than  the  angle  of  refraction,  no 
error  in  difference  of  D  for  the  various  wave  frequencies  will  occur. 

Again  the  length  of  D,  as  determined  from  the  bands  in  the 
photographs,  will  be  augmented  by  change  of  phase,  at  reflection 
from  the  bounding  surfaces  of  the  film,  if  the  conditions  of  reflection 
for  the  two  beams  are  not  the  same.  In  order  to  increase  the  in- 
tensity of  light  in  reflection  from  the  surfaces,  a  full  silvered  surface 
was  used  at  the  back.  After  repeated  trials,  it  was  found  that  an 
approximate  half  silvered  front  surface,  which  gave  a  brighter  image 
of  a  flame  by  reflection,  than  by  transmission,  product  the  blackest 
bands  in  the  channeled  spectra. 

O.  Wiener^  has  found  that  the  change  of  phase  by  reflection, 
varies  with  the  thickness  of  the  silvering,  increasing  as  a  retardation 
from  o  to  3/4^,  for  all  wave-lengths,  as  the  thickness  of  silver  in- 
creased from  zero  to  a  full  silver. 
« 

*  Wied.  Annal.  (31),  18S7,  p.  647. 
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The  index  of  silver  is  about  .25,  so  that  in  the  cell  that  was 
used,  if  the  half  silvering  was  placed  on  the  ffear  surface  of  the  front 
plate,  and  the  full  silvering  on  the  front  surface  of  the  rear  plate, 
then  for  both  films,  the  condition  of  reflecting  from  a  less  refracting 
substance  to  a  greater,  was  secured  for  the  two  interfering  rays. 

According  to  Wiener,  the  half-silvered  surface  introduced  a  re- 
tardation of  about  ^/2,  while  at  the  rear  surface  it  was  3^/4.  This 
made  the  difference  in  phase  of  the  two  interfering  rays,  greater  by 
about  ^/4,  since  the  ray  reflected  from  the  back  surface  has  been 
retarded  that  much  more  than  the  one  reflected  from  the  front  sur- 
face. With  the  order  of  interference  that  was  used  in  this  work, 
this  entered  an  error  of  less  than  three  parts  in  one  hundred  thou- 
sand in  determining  the  order. 

In  making  the  computation  of  indices,  this  change  of  phase  was 
not  regarded,  and  since  in  photographing,  the  bands  from  the  two 
films  were  brought  into  coincidence  with  the  Z?j  line,  the  orders  of 
interference  for  these  were  regarded  as  an  odd  multiple  of  P.^/2. 

{2N +.1)  ^=  211D 

then  becomes  the  formulae  for  finding  the  order  of  an  interference 
band. 

The  cell  was  housed  in  a  pasteboard  box,  which  kept  the  tem- 
perature uniform  during  the  photographing,  so  that  the  bands  did 
not  shift  due  to  that  cause.  The  temperature  was  taken  at  the 
beginning  of  the  series  of  photographs,  and  is  indicated  on  the 
plates. 

At  times,  a  shift  of  the  bands  did  occur,  but  this  was  due  to  a 
yielding  of  the  cork  strip  between  the  plates,  or  other  mechanical 
effects.  It  was  found  that  if  the  cell  was  allowed  to  stand  before 
using,  no  difficulty  was  encountered  from  this  source,  for  an  eye 
piece  was  attached  to  the  side  of  the  camera  box,  whose  focus  was 
on  the  focal  curve  of  the  grating,  and  through  this  the  bands  were 
watched  to  see  that  they  did  not  shift  with  respect  to  the  Fraun- 
hofer  lines. 

Mitchell  has  shown  that  the  astigmatism  of  a  grating  depends 
upon  the  length  of  the  illuminated  portion  of  the  slit,  the  length  of 
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the  ruled  lines,  and  the  angle  which  the  incident  light  makes  with 
the  axis  of  the  grating.  On  account  of  this  property,  comparison 
work  is  not  possible  as  in  the  prismatic  spectrum.  In  photograph- 
ing the  two  sets  of  bands,  comparison  work  was  done,  but  other 
conditions  were  introduced  that  do  not  occur  in  ordinary  compari- 
son work.  The  light  falling  upon  a  grating  was  slightly  divergent, 
and  the  dividing  strip  in  the  cell,  cut-out  a  narrow  section  of  light 
across  the  middle  of  the  ruled  portion  of  the  grating.  The  light 
above  this  dark  strip  came  from  one  film,  and  that  below  from  the 
other.  The  length  of  ruling  that  was  producing  the  spectrum  for 
one  set  of  bands,  was  therefore  less  than  half  the  actual  length  of 
ruling  of  the  grating,  and  as  a  result  the  interference  bands,  from 
one  film,  extended  about  half  the  width  of  the  spectrum. 

If  D  is  the  thickness,  n  the  index,  I  the  wave-length,  and  N  is 
the  order  of  interference,  the  distribution  of  the  bands  throughout 
the  spectrum  is  represented  by  the  equations  : 

(■)  --  "f- 

2D 

(2)  N=i    J  where  //  =  i,  as  for  a  vacuum. 

Differentiating  these  we  have, 

dN       2D[         .   du  \ 

(3)  -dX-  )}\t'^'-d))' 

dN       2D 

Equations  (i)  and  (2)  are  the  equations  of  an  equilateral  hyper- 
bola. N  and  X  being  the  variable  parameters.  In  (3)  and  (4)  the 
left  hand  side  of  the  equation,  represents  the  number  of  bands  be- 
tween wave-lengths  X  and  X  —  81^  and  is  expressed  on  the  right 
hand  side  in  terms  of  D,  X  and  y..  The  variation  of  the  order  with 
wave-lengths  in  the  two  equations,  (3)  and  (4),  differ  by  the  factor 
in  parenthesis  which  expresses  the  difference  in  variation  between 
the  two  sets  of  bands.  Since  in  the  two  equations  2Z?//'  appears, 
which  is  the  expression  for  the  variation  of  order  due  to  wave-length 
alone,  if  we  superimpose  a  set  of  bands,  e,  g.,  those  in  a  vacuum, 

>  J.  Hopkins,  Univ.  Circulars,  June,  1898. 
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whose  variation  is  represented  by  (4),  upon  a  set  of  bands  repre- 
sented by  (3),  the  differential  effect  will  be  that  due  to  the  dispersion 
of  the  substance  whose  bands  are  represented  by  (3).  To  do  this, 
the  bands  from  the  two  films  are  brought  into  coincidence,  say 
in  the  less  refrangible  portion  of  the  spectrum.  If  now  we  go 
toward  the  violet,  the  bands  in  the  spectrum  whose  variation  is 
represented  by  (3)  will,  in  general,  increase  in  number  more  rapidly 
than  those  used  as  a  scale.  Consequently  they  will  get  out  of 
coincidence.  If  then  they  should  come  into  coincidence  again,  due 
to  the  bands  not  increasing  so  rapidly  as  those  on  the  scale,  the 
term  in  parenthesis  must  diminish,  which  indicates  anomalous  dis, 
persion.  In  a  subsequent  paper,  it  will  be  shown  more  in  detail- 
how  this  method  may  be  used  for  the  detection  of  this  characteristic. 
Preliminary  work  has  been  done  in  adapting  this  method  to  the 
determination  of  refractive  indices  of  solids.  The  optical  system 
was.  in  general,  the  same  as  used  in  working  with  liquids.  The 
difficulty  with  solid  wedges,  is  to  get  a  reflecting  surface  for  the 
wedge  and  an  equivalent  film  of  air.  If  silvered  plates  be  placed 
on  both  sides  of  the  solid  wedge,  as  for  the  liquid  film,  it  is  impos- 
sible to  get  the  plates  in  close  enough  contact  to  the 
wedge,  so  as  not  to  have  thin  air  films  intervening. 
This  difficulty  was  overcome,  by  measuring  these  air 
films,  and  thereby  obtaining  the  equivalent  film  of  air  for 
reference.  In  Fig.  4  is  shown  a  vertical  cross  section 
of  the  cell  used  in  getting  the  order  of  interference  in 
the  wedge  and  an  equivalent  film  of  air.  W  is  the  solid 
wedge  between  two  glass  plates,  silvered  as  they  were  in  the  liquid 
cell  described  above.  The  path  of  the  light  at  A  gives  the  total 
thickness  of  air  space,  B  that  of  the  wedge  and  air  films  on  both 
sides.  By  properly  silvering  the  lower  part  of  the  wedge,  the  in- 
terference bands  due  to  the  wedge  itself,  may  be  obtained  in  C, 
B  ^  C  gives  the  thickness  of  the  air  films  on  the  two  sides  of  the 
wedge.  A  "  {B  ^C)  gives  the  thickness  of  an  air  film  equivalent 
to  the  wedge.  Consequently  Ci\A  —  (5  —  C)]  gives  the  index  as 
compared  with  air.  It  was  impossible  to  get  the  three  sets  of  bands 
simultaneously,  but  A  and  B  were  first  obtained  and  photographed, 
and  then  by  means  of  rack  and  pinion,  the  cell  was  raised  and  B 
and  C  obtained. 
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With  proper  adjustments,  there  was  no  shift  of  the  bands  in  rais- 
ing the  cell  vertically,  since  its  sides  and  that  of  the  wedge  arc 
parallel  in  that  direction. 

In  solids  showing  double  refraction,  the  optical  system  was  ar- 
ranged as  shown  in  Fig.  5,  with  a  nicol,  A,  before  the  slit  and  an- 
other' one,  E,  between  the  prism  p^  and  the  grating. 

If  a  ray  of  light,  polarized  at  an  angle  of  45°  to  the  principal 
axis  of  a  crystalline  wedge,  pass  normally  through  and  is  reflected 
back  again,  the  emergent  light,  when  resolved  by  a  spectroscope^ 


Flp.  5. 

will  be  traversed  by  interference  bands  due  to  double  refraction  in 
addition  to  the  ordinary  bands  arising  from  the  wedge.  The  super- 
position of  the  two  sets  of  these  latter  bands,  give  rise  to  a  maximum 
and  a  minimum  in  the  intensity,  producing  the  bands  from  double 
refraction  referred  to.  The  formulae  for  these  minima,  when  the 
nicols  are  crossed,  is  iV=  2D\{ji^  —  /^o)]/^*  ^"  ^^^-  ^^Y  ^^^  the 
bands  due  to  interference  between  the  beams  reflected  between  the 
front  and  back  surface,  and  those  due  to  differential  double  refrac- 
tion may  be  photographed. 

With  double  refracting  crystals,  the  system  of  reflection  at  /j  and 
/>j  had  to  be  changed,  and  is  shown  in  Fig.  6.  In  using  the  prisms 
p^  and  /j  only,  there  would  be  a  change  of  phase  between  the  com- 
ponent vibrations?  By  using  a  double  system  of  reflection,  at  right 
angles  to  each  other,  as  shown  in  the  cut,  the  two  components  will 
have  practically  the  same  change  of  phase  introduced.  This 
double  reflection  will  place   the  image  of  the  slit  in   a  horizontal 
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position,  which  necessitates  turning  the  wedge  so  that  its  length  is 
at  right  angles  to  the  image  of  the  slit. 

Plate  I.  is  a  series  of  photographs  for  triple-distilled  water.  The 
photographs  are  arranged  with  the  shorter  wave-lengths  to  the  left. 
In  each  set  of  photographs,  No.  4  was  the  first  setting  made  in  the 
spectrum,  and  is  that  of  the  liquid  and  air  bands  together,  between 
the  Fraunhofer  lines,  ^^  and  Dy  No.  3  was  taken  in  the  same  por- 
tion of  the  spectrum,  after  shifting  several  hundred  bands.  The 
others  were  taken  in  the  order  5,  6,  2,  i. 

In  Plate  I.  the  number  of  air  bands  between  ^^  and  D^  is  276.6 
from  which  the  order  1978.5  for  the  Fraunhofer  line  D^  is  obtained 
by  the  formulae 

In  the  liquid  bands  there  are  374.7  between  these  two  wave-lengths, 
and  after  shifting  338  bands  past  the  D^  line  in  the  spectrum  and 
photographing  again,  there  are  by  count  326.7  bands  in  this  same 
region,  substituting  these  values  in  our  equation 

,,0  ^  326.7 
._       mn        338  X 

iV= =  -^J.'l±^  2300.5. 

I  —  «  48 

The  order  as  found  for  the  liquid  is  that  of  the  D^  line  in  photo- 
graph No.  3.  For  the  D^  line  in  No.  4  we  add  338  to  2300.5 
=  2638.5.     The  ratio  between  these  two  orders, 

A^  liquid  2638.5 

i7^i7-  =  ^'=i9^='-3336. 

For  the  D^  line  in  No.  3,  the  order  for  air  would  be  the  order  for 
liquid  at  that  point,  divided  by  the  index, 

2300.5 

— ^^=  1725.0. 

1.3336        ^    ^ 

From  these  two  orders  of  air  and  liquid  for  the  D^  line,  the  orders 
for  all  other  points  in  the  spectrum  may  be  calculated  and  counted 
from  the  photographs. 
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In  couQting  the  bands,  they  were  laid  on  a  dividing  engine  under 
a  micrometer  eye  piece,  and  as  the  photographs  were  shifted  under 
the  cross  wires,  the  bands  were  counted!  The  fractional  part  of  a 
band  being  estimated  only  to  tenths. 

The  results  from  all  of  the  photographs  shown,  were  obtained  in 
the  manner  described  above,  and  are  tabulated  below. 


Plate  I. 

Tripie-disHlUd  Heater,     m  =  338.      Tfmp,  22®. 


K  cm. 

N,  Air. 

N,  Liquid. 

Index. 

6.8674  X  1CH» 

1480.9 

197L1 

1.3310 

6.5630  •'  " 

1549.9 

2063.8 

1.3316 

5.8%1  *•  " 

1725.0 

2300.5 

L3336 

5.6169  '*  ** 

1810.7 

2416.9 

1.3348 

5.3283  "  *« 

1908.7 

2549.2 

1.3356 

5.2270  "  «• 

1945.8 

2599.4 

L3359 

5.1728  "  " 

1966.2 

2627.4 

L3363 

4.9577  "  " 

2051.4 

2743.8 

L3375 

4.8615  "  " 

2092.1 

2799.4 

L3381 

4.6680  *'  *• 

2178.7 

2917.6 

1.3391 

4.3837  "  " 

2320.1 

311L0 

L3409 

4.2269  "  •• 

2406.2 

3228.5 

L3417 

4.1019  •«  •• 

2479.5 

3330.5 

1.3432 

3.9686  "  " 

2562.6 

3445.0 

1.3443 

Plate  II. 

4dso/u/e  Alcohol,     m  =  393.     Temp.  22®. 

A  cm. 

N,  Air. 

N,  Liquid. 

Index. 

6.8674  X  10-» 

1268.0 

1721.0 

1.3572 

6.5630  "  " 

1326.4 

1802.1 

L3586 

5.8%1  **  •• 

1476.2 

2009.5 

1.3612 

5.6169  •'  ** 

1549.5 

211L5 

1.3627 

5.3283  •'  " 

1633.4 

2227.5 

1.3637 

5.2270  "  " 

1665.1 

227L5 

1.3642 

5.1728  "  »* 

1682.5 

2296.0 

L3646 

4.9577  "  " 

1755.5 

2397.7 

1.3655 

4.8615  "  " 

1790.3 

2446.3 

L3664 

4.6680  *'  •* 

1864.4 

2550.4 

L3679 

4.3837  ••  " 

1985.5 

2721.3 

1.3705 

4.2269  "  '* 

2059.1 

2825.1 

L3720 

4.1019  "  " 

212L9 

2913.5 

1.3731 

3.9686  **  " 

2193.0     . 

3014.5 

1.3746 
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[Vt.L.  Will. 


Plate  III. 

a-MonobromoftapihaJin,     m^MS,     Temp,  24® 


A  cm. 

N,  Air. 

N.  Liquid. 
2374.0 

Index. 

6.8674  X  1(H» 

1440.1 

1.6485 

6.5630  "  •• 

1507.2 

2489.2 

L6515 

5.8961  •'  " 

1677.5 

2787.5 

L6617 

5.6169  *«  " 

1760.9 

2934.6 

1.6665 

5.3283  "  •* 

1856.2 

3103.6 

1.6720 

5.2270  "  " 

1892.2 

3168.2 

1.6743 

5.1728  **  " 

1911.0 

3204.1 

1.6767 

4.9577  "  " 

1994.9 

3354.9 

L6817 

4.8615  "  •* 

2034.5 

3427.5 

1.6847 

4.6680  "  •* 

2118.7 

3584.6 

1.6918 

4.3837  "  *• 

2256.2 

3844.7 

L7034 

4.2269  "  *• 

2339.5 

4007.6 

L7130 

4.1019  "   " 

2411.2 

4149.7 

1.7210 

3.9686  "  " 

2492.1 

4322.5 

1.7345 

One  of  the  difficulties  met  with  in  this  method,  is  the  shifting  of 
the  bands  during  the  photographing  as  occurs  in  all  interference 
work.  This  was  mechanical,  and  was  overcome  by  shifting  the 
cell,  for  all  the  shift  of  the  bands,  with  respect  to  the  Fraunhofer 
lines,  originated  in  the  cell  itself.     That  the  Fraunhofer  lines  and 


Plate  IV. 

Oil  of  Cinnamon  ( Cassia),     m  =  273.      Temp.  25.5®. 


A  cm. 

N,  Air. 

N,   Liquid. 

Index. 

6.8674  X  10-* 

1229.0 

1919.1 

1.5615 

6.5630  " 

1286.3 

2014.2 

1.5659 

5.8961  - 

1431.6 

2257.5 

1.5769 

5.6169  »* 

1502.7 

2379.3 

LS833 

5.3283  - 

1584.0 

2519.0 

1.5903 

5.2270  " 

1614.8 

2572.5 

1.5937 

5.1728  ** 

1631.7 

2602.4 

1.5949 

4.9577  •* 

1702.4 

2728.0 

L6024 

4.8615  •* 

1736.2 

2788.5 

1.6061 

4.6680  - 

1808.1 

2920.0 

1.6149 

4.3837  " 

1925.5 

314L0 

L6312 

4.2269  »* 

1997.0 

3283.5 

1.6437 

4.1019  «• 

Abs 

orption,  no  bands  visi 

ble. 

3.9686  *• 

"       _ 

tl                   l<          It              n 
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Plate  V. 

BentoU,     m  =  235.     7>w/.  22®. 


A  cm. 

N,  Air. 

N,  Liquid. 

Index. 

6.8674  X  10-5 

1298.7 

1924.9 

1.4822 

6.5630  -  •* 

1359.2 

2017.7 

1.4844 

5.8961  "  •* 

1512.8 

2254.4 

1.4902 

5.6169  "  *• 

1588.0 

2371.6 

1.4934 

5.3283  **  " 

1673.9 

2505.4 

1.4967 

5.2270  "  •* 

1706.4 

2556.4 

1.4981 

5.1728  **  *• 

1724.3 

2584.4 

1.4988 

4.9577  "  «* 

1799.0 

2702.5 

1.5022 

4.8615  ••  " 

1834.7 

2758.9 

1.5037 

4.6680  "  " 

1910.6 

2880.4 

1.5076 

4.3837  •*  •* 

2034.7 

3079.4 

1.5134 

4.2269  "  »* 

2110.2 

3202.8 

1.5177 

4.1019  "  •* 

2174.5 

3308.4 

1.5214 

3.%86  •*  •• 

2247.4 

3429.4 

1.5259 

interference  bands  appear  simultaneously,  is  one  of  the  important 
features  of  this  method.  No  matter  what  apparatus  is  used,  the 
scale  of  the  Fraunhofer  lines  will  always  be  the  same,  from  which 
the  measurements  are  made,  and  no  mechanical  errors  can  enter. 
The  shift  of  bands  which  might  arise  due  to  changes  of  temperature, 
must  be  guarded  against  in  all  methods. 

Plate  VI. 

0//W  Otl.     /«=r267.     7>»iA  26*». 


A  cm. 

N.  Air. 

N,  Liquid. 

1721.0 

Index. 

6.8674  X  10-» 

1190.3 

1.4458 

6.5630  -  - 

1245.7 

1802.1 

1.4474 

5.8961  "  •* 

1386.5 

2012.5 

1.4514 

5.6169  •*  " 

1455.4 

2116.5 

1.4542 

5.3283  •*  •* 

1534.2 

/      2234.5 

1.4565 

5.2270  *»  ** 

1564.0 

2279.5 

1.4567 

5.1728  -  - 

1580.3 

2304.2- 

1.4581 

4.9577  **  " 

1648.8 

2407.6 

1.4602 

4.8615  »*  - 

1681.5 

2457.5 

1.4615 

4.6680  **  •• 

1751.1 

2563.5 

1.4639 

4.3837  •*  *• 

1864.9 

2733.0 

1.4655 

4.2269  "  " 

1934.0 

2839.5 

1.4682 

4.1019  *«  *> 

1992.9 

2930.6 

1.4705 

3.9686  *•  ** 

2059.8 

3034.5 

1.4732 

—  — — 

— 

—        —      — 

—   — 
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It  is  also  possible  with  the  normal  spectrum,  to  determine  directly 
the  index  for  any  wave-length.  In  the  prism  method,  we  are  depen- 
dent upon  the  more  prominent  Fraunhofer  lines,  for  points  of 
reference. 

In  conclusion,  the  author  desires  to  express  his  .thanks  to  Pro- 
fessor Brace  for  valuable  assistance  rendered  him,  whereby  he  was 
enabled  to  carry  out  this  research. 

Physical  Laboratory, 

University  of  Nebraska,  June,  1903. 
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Plate  II. 
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Plate  111. 
S.  R.  WILLIAMS. 


Digitized  by 


Google 


Digitized  by 


Google 


PHYSICAL  REVIEW,  XCVII. 
(To  face  page  294. ) 


Plate  IV. 
S.  R.  WILLIAMS. 
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Plate  V. 
S.  R.  WILLIAMS. 
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Plate  VI. 
S.  R.  WILLIAMS. 
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PROCEEDINGS 

OF   THE 

American  Physical  Society. 

Minutes  of  the  Twenty-third  Meeting. 

A  REGULAR  meeting  of  the  Physical  Society  was  held  at  Columbia 
University,  New  York  City,  on  Saturday,  February  27,  1904. 
At  the  afternoon  session  the  presidential  address  was  delivered  by 
President  A.  G.  Webster,  the  subject  being : 

Some  Practical  Aspects  of  the  Relations  between  Physics  and  Mathe- 
matics. 

During  the  presidential  address  the  American  Mathematical  Society 
met  with  the  Physical  Society  in  joint  session. 
The  following  papers  were  read : 

1.  The  Conduction  of  Electricity  in  Mercury  Vapor.     A.  P.  Wills. 

2.  Exhibition  of  Experiments  Illustrating  the  Action  of  a  Magnet  on 
the  Mercury  Arc.     Peter  Copper  Hewitt. 

3.  Photography  of  Cloud  Particles  and  the  Photographic  Record  of 
Atmospheric  Nucleation.     Carl  Bakus. 

4.  Preliminary  Measurements  of  the  Short  Wave-lengths  Discovered 
by  Schumann.     Theodore  Lyman. 

5.  The  Hall  Effect  in  the  Electric  Arc.     C.  D.  Child. 

6.  Note  on  Some  Further  Observations  on  the  Radiation  Produced  in 
an  Alternating  Condenser  Field.     Fernando  Sanford. 

Certain  amendments  to  Articles  I.  and  II.  of  the  by-laws  of  the  society, 
duly  recommended  by  the  Council,  were  on  motion  adopted.  The  pur- 
pose of  these  amendments  was  (i)  to  make  it  possible  to  elect  Associate 
Members  of  the  society  hereafter  as  well  as  Regular  Members;  (2)  to 
establish,  for  Regular  Members,  an  entrance  fee.  Articles  I.  and  II.,  as 
amended,  read  as  follows : 

I. 

{a)  The  membership  of  the  society  shall  consist  of  regular  members, 
honorary  members,  and  associate  members. 

(^)  For  the  election  of  a  new  member  to  the  society,  either  regular, 
honorary,  or  associate,  or  for  the  transfer  of  an  associate  member  to 
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regular  membership,  it  shall  be  necessary  that  a  proposition  in  due  form 
signed  by  two  members  of  the  society  shall  be  presented  at  a  meeting  of 
the  council,  and  that  at  a  subsequent  meeting  of  the  council  the  person 
named  in  such  proposition  shall  receive  the  favorable  ballots  of  a  majority 
of  the  members  present. 

(r)  Associate  members  are  entitled  to  all  the  privileges  of  regular 
members  except  that  they  may  not  vote  nor  hold  office. 

II. 

(tf )  The  annual  dues  of  regular  and  associate  members  shall  be  five 
dollars  payable  on  the  ist  of  January.  Each  new  regular  or  associate 
member,  if  elected  before  July  i,  shall  pay  the  full  dues  for  the  year ;  if 
elected  after  July  i,  he  shall  pay  two  dollars  and  a  half  for  the  half  year. 
Should  the  annual  dues  of  any  member  remain  unpaid  beyond  a  reason- 
able time,  the  council  shall  remove  his  name  from  the  list  of  members, 
after  due  notice. 

(/J)  Newly  elected  regular  members,  or  members  transferred  from 
associate  to  regular  membership,  shall  pay  an  entrance  fee  of  three 
dollars. 

The  following  announcement  was  made  by  the  secretary  regarding  the 
spring  meeting  of  the  Society  : 

The  spring  meeting  will  be  held  in  Washington,  D.  C. ,  on  Friday, 
April  22,  and  Saturday,  April  23,  1904.  Sessions  for  the  presentation 
of  papers  will  be  held  on  Friday  from  2  P.  M.  to  5  P.  M.,  and  on  Sat- 
urday from  10  A.  M.  to  I  P.  M.  On  Friday  at  6  P.  M.  there  will  be 
an  informal  dinner,  and  later  in  the  evening  a  lecture  upon  a  subject  to 
be  announced  later.  On  Saturday,  at  i  P.  M. ,  a  luncheon  by  the  Philo- 
sophical Society  of  Washington,  complimentary  to  the  Physical  Society. 
Saturday  afternoon  an  excursion  to  the  Bureau  of  Standards  and  the 
Weather  Bureau.  The  arrangement  of  further  details  regarding  the  meet- 
ing is  in  the  hands  of  a  committee  of  the  Philosophical  Society  of  Wash- 
ington, at  whose  invitation  the  meeting  is  held  in  that  city. 

Circulars  giving  further  information  will  be  mailed  to  all  members 
well  in  advance  of  the  meeting. 

Ernest  Merritt, 

Secretary. 
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Some  Practical  Aspects  of  the  Relations  Between 
Physics  and  Mathematics.* 

By  Arthur  G.  Webster. 


\J 


IT  is  now  more  than  four  years  since  the  American  Physical  Society 
has  had  a  presidential  address,  and  the  only  one  that  it  has  had  set 
a  pitch  of  ideality  and  enthusiasm  that  is  hardly  to  be  expected  of  subse- 
quent addresses.  I  shall  therefore  crave  your  indulgence  if  I  am  not 
able  to  touch  so  varied  a  field,  nor  to  soar  on  eagle's  pinions  as  did  our 
illustrious  first  president  on  that  occasion,  while  I  invite  your  attention 
to  "Some  Practical  Aspects  of  the  Relations  between  Physics  and 
Mathematics. ' ' 

Before  touching  upon  my  specific  subject,  however,  it  is  proper  to 
briefly  review  some  of  the  chief  happenings  in  physics  between  that  time 
and  this.  Our  own  society  was  then  making  its  entrance  into  the  arena, 
and  counted  a  membership  of  only  69,  while  now  it  is  a  strong  and  flour- 
ishing organization,  embracing  with  few  exceptions  every  working 
physicist  in  the  country,  and  with  a  membership  roll  of  220.  This 
number  has  not  been  attained  by  making  membership  open  to  every 
applicant,  but  the  attempt  has  been  made  to  limit  it  to  persons  who  have 
actually  made  contributions  to  the  science.  In  order  to  extend  the 
privileges  of  the  society  to  a  wider  circle  of  those  who  have  an  interest 
in  physics,  but  have  not  yet  been  able  to  engage  in  productive  research, 
the  establishment  of  an  associate  membership  is  now  contemplated. 

Our  first  sad  duty  is  to  take  account  of  our  losses,  chief  among  which 
is  that  of  our  first  president,  whose  many-sided  experimental  skill  and 
keen  insight  into  the  secrets  of  nature's  ways  made  him  without  a  peer 
among  us.  Who  among  us  does  not  feel  a  patriotic  pride  when  Row- 
land's value  of  the  mechanical  equivalent  of  heat  is  always  quoted  as 
among  the  most  accurate,  or  when  we  remember  that  for  the  possibility 
of  the  most  accurate  work  on  the  spectrum  the  world  was  indebted  to  an 
American?  The  breadth  of  Rowland's  mind  and  the  high  ideals  which 
ever  guided  him  in  the  pursuit  of  truth  are  reflected  in  his  presidential 
address,  which  marks  a  red-letter  day  in  the  history  of  this  society. 

Within  the  year  physics  in  this  country  has  suffered  a  loss  of  the  most 
grave  nature.     Though  he  was  not  a  member  of  this  society,  in  the  death 

*  Presidential  Address,  delivered  at  a  joint  session  of  the  American  Physical  Society 
and  the  American  Mathematical  Society,  February  27,  1904. 
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of  Josiah  Willard  Gibbs  we  all  regret  the  loss  of  a  master  in  a  field  to 
which  we  have  as  yet  contributed  but  little  to  the  world,  the  domain  of 
theoretical  or  mathematical  physics.  To  this  subject  Gibbs  was  what 
Rowland  was  to  experimental  physics.  It  is  deeply  to  be  regretted  that 
his  extreme  modesty,  and  the  very  abstract  nature  of  the  subjects  with 
which  he  dealt,  prevented  the  knowledge  of  his  work  from  being  widely 
disseminated  until  late  in  his  carreer,  while  his  power  to  inspire  and 
influence  research  might  under  other  circumstances  have  been  so  much 
greater.  Gibbs's  chief  title  to  fame  will  undoubteSlly  be  found  in  his 
thermodynamical  writings.  Beginning  with  two  important  papers  on 
geometrical  methods  of  representatioa  of  the  thermodynamical  properties 
of  bodies,  by  which  in  particular  their  behavior  in  the  different  states  of 
aggregation  was  clearly  exhibited  to  the  eye,  he  showed  the  advantage 
of  considering  the  entropy  and  energy  of  the  substance  as  the  indepen- 
dent variables  determining  its  state  rather  than  the  temperature  and 
pressure. 

The  laws  of  thermodynamics,  as  developed  by  Clausius  and  the  other 
classical  writers,  are  two :  First,  the  principle  of  equivalence  of  work 
and  heat  which  says  that  if  a  system  be  taken  through  any  closed  cycle 
of  transformations  of  its  state,  the  total  heat  given  to  the  system  CdQ  is 
equal  to  the  amount  of  work  fdW  done  by  it  on  external  systems.  If 
instead  of  a  cycle  we  consider  an  infinitesimal  transformation,  dQ  and 
dJV  are  not  exact  differentials  of  any  function  of  the  variables  determin-* 
ing  the  state  of  the  system,  but  the  principle  of  equivalence  states  that 
their  difference  is,  so  that 
(i)  dQ  —  dW^dU, 

U  being  a  function  of  the  state  of  the  system,  called  its  energy.  Sec- 
ondly, although  dQ  is  not  an  exact  differential,  an  integrating  divisor 
can  be  found,  which  is  the  same  for  all  substances,  and,  depending  only 
on  the  temperature,  can  be  taken  as  the  absolute  measure  of  the  temper- 
ature.    The  function  5,  thus  shown  to  exist,  defined  by  the  equation 

is  called  the  entropy,  and  the  two  laws  are  mathematically  stated  when 
we  say  that  there  exist  an  energy  and  an  entropy  function.  In  the  defi- 
nition of  entropy,  the  transformation  is  supposed  to  be  reversible,  or  one 
which  is  the  limit  approached  as  the  conditions  of  equilibrium  are  more 
nearly  fulfilled.  In  an  actual  transformation,  less  heat  is  transformed 
into  work  than  in  a  reversible  one,  or  as,  for  the  same  heat  taken  in,  more 
is  thrown  out  without  being  utilized,  the  algebraic  sum  of  all  taken  in 
dQ  is  less  than  if  the  transformation  were  made  reversibly,  accordingly 
(3)  //(?<^^/5. 
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This  second  law  of  thermodynamics  has  been  misused,  especially  by 
chemists  and  engineers,  to  prove  that  an  infinitesimal  amount  of  heat 
energy  can  always  be  decomposed  into  the  product  of  two  factors,  one 
finite,  which  is  here  taken  to  be  the  temperature,  and  the  other  a  perfect 
differential,  as  in  many  cases  is  actually  true.  The  analogy  with  these 
cases  is  then  supposed  to  demonstrate  the  existence  of  the  entropy  func- 
tion, and  to  take  the  place  of  the  mathematical  and  physical  reasoning 
which  justifies  its  employ.  The  fallacy  of  this  reasoning  appears  when  it 
is  stated  that  in  all  practical  transformations  it  is  not  the  equality,  but  the 
inequality,  that  is  employed. 

Combining  the  equations  of  the  two  laws,  we  obtain 

(4)  OdS^dU+iiW 

and  as  soon  as  the  work  has  been  expressed  in  terms  of  the  variables  de- 
fining the  state,  the  equation  may  be  integrated.  It  may  seem  somewhat 
astonishing  to  the  outsider  that  all  of  Gibbs*s  remarkable  work  with  its 
extremely  important  consequences,  many  of  which  have  been  verified  by 
experiment,  while  much  more  still  awaits  the  experimental  work  which 
shall  verify  it,  results  from  the  careful  consideration  of  this  single  total 
differential  equation.  Beginning  with  the  simplest  case,  that  of  a  homo- 
geneous substance  under  no  stress  but  that  of  a  uniform  pressure,  the  work 
done  is  given  simply  by  the  equation  dW^  pdv^  so  that  our  equation 
becomes 

(5)  edS^dCf  +  pdv. 

At  the  same  time  we  find  that  two  variables,  say  the  temperature  d  and 
pressure  /,  completely  determine  the  state  of  the  body,  so  that  the  vol- 
ume is  given  as  a  function  of  them.     It  then  appears  that,  writing 

(6)  dU^O  dS'-pdv, 

the  temperature  and  pressure  are  the  partial  derivaties  of  the  energy  by 
the  entropy  and  the  volume,  taken  positively  and  negatively,  respectively. 
From  this  it  follows  that  if  we  represent  the  properties  of  the  substance 
by  a  surface  whose  vertical  coordinate,  for  instance,  represents  the 
energy,  while  the  two  horizontal  ones  are  the  entropy  and  volume,  the 
temperature  and  pressure  at  any  state  are  determined  by  the  inclination 
of  the  tangent  plane,  at  the  corresponding  point,  the  inclination  of 
whose  intersections  with  two  vertical  planes  parallel  to  the  coordinate 
planes  is  given  by  the  derivatives  dU/dS^  dUjdv.  Thus  from  a  knowl. 
edge  of  the  energy  as  a  function  of  the  entropy  and  the  volume,  we 
obtain  all  the  quantities  with  which  we  have  to  do,  which  is  not  the  case 
if  the  temperature  and  pressure   are  taken  for  independent   variables. 
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because  then  we  have  to  integrate  the  differential  equation  (5)  in  order 
to  find  6^  and  S.  But  not  only  this.  By  means  of  the  sign  of  inequal- 
ity in  (5)  Gibbs  is  able  to  determine  conditions  for  the  stability  of  the  ex- 
istence of  a  substance  in  a  particular  state,  and  to  give  it  a  geometrical 
form,  which  states  that  if  a  particular  state  is  one  of  stable  equilibrium, 
the  representative  surface  at  the  point  in  question  will  have  both  its  prin- 
ciple curvatures  of  the  same  sign,  or  the  surface  will  be  convexo-convex 
downwards,  if  the  energy  axis  is  drawn  upwards.  Maxwell  was  so 
impressed  with  the  importance  of  Gibbs*s  researches  in  this  line  that  he 
constructed  with  his  own  hands  a  model  of  such  a  surface  for  water  in 
its  three  forms,  the  original  of  which  may  still  be  seen  in  the  Cavendish 
laboratory  in  Cambridge,  and  a  cast  of  which  he  sent  to  Professor  Gibbs, 
who  had  it  in  his  lecture-room.  Before  the  time  of  Gibbs,  almost  the 
only  questions  of  equilibrium  which  had  been  systematically  dealt  with 
had  been  those  which  treated  of  the  equilibrium  of  the  same  substance  in 
two  states  of  aggregation,  such  as  water  and  ice  or  vapor.  By  means  of 
an  extension  of  the  manner  of  regarding  the  question,  Gibbs  was  able  to 
lay  down  the  laws  of  equilibrium  of  substances  in  any  number  of  what 
he  Q2S\tA  phases  ;  that  is,  different  portions  each  by  itself  homogeneous, 
but  different  one  from  another  not  only  physically  but  even  chemically. 
Thus  the  foundation  was  laid  for  a  general  treatment  of  chemical  phe- 
nomena. As  soon  as  reversible  processes  could  be  devised  for  the 
removal  from  a  particular  phase,  say  a  salt  solution,  of  a  particular  con- 
stituent, say  the  water,  for  instance  by  evaporation,  or  by  freezing  out, 
it  was  possible  to  extend  the  differential  equation  to  cover  the  equilibrium 
in  question.  U  m^-  -  m^  denote  the  quantities  of  different  chemical 
substances  contained  in  a  given  homogeneous  phase,  the  equation  is 
written 

(7)  dU^  BdS  —  pdv  -f  /i////,  -f  -  +  /i/w,, 

and  the  quantities  //^  are  called  by  Gibbs  i^at  potentials  relatively  to  this 
phase  of  the  various  constituents.  They  thus  afford  a  direct  measure  of 
the  h  therto  mysterious  chemical  affinity,  and  are  the  rates  of  increase  of 
energy  of  the  substance  when  unit  quantity  of  the  various  substances  is 
introduced  without  changing  the  entropy  or  volume  of  the  phase.  Thus 
to  the  conditions  of  dynamic  equilibrium,  that  of  a  number  of  phases  in 
presence  of  each  other  the  pressure  in  each  must  be  equal  or  there  will  be 
motion,  and  for  thermal  equilibrium  that  the  temperature  in  each  must 
be  equal  or  there  will  be  flow  of  heat,  Gibbs  adds  the  condition  for 
chemical  equilibrium,  that  for  any  constituent  the  chemical  potential 
must  be  eqilal  in  every  phase  or  there  will  be  chemical  reaction.  As  a 
consequence  of  this  condition  by  the  mere  consideration  of  the  number 
of  variables  involved,  follows  the  celebrated /^(ix^-r///<f,  which  states  that 
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in  any  equilibrium  the  number  of  phases  present  cannot  be  greater  than 
two  more  than  the  number  of  constituents.  For  instance,  a  single  con- 
stituent, like  water,  can  be  present  in  three  phases, —  solid,  liquid,  and 
vapor, — but  then  with  no  freedom,  that  is,  only  at  one  determined 
temperature  and  pressure,  the  triple  point  of  James  Thomson.  If  on  the 
other  hand  there  are  only  two  phases,  say  liquid  and  vapor,  we  have  one 
variable  in  terms  of  which  the  others  are  determined,  say  the  temperature, 
which  completely  determines  the  pressure  of  the  vapor.  This  phase-rule 
has  become  of  extreme  importance  and  received  great  experimental 
development  at  the  hands  of  the  physical  chemists.  Of  the  other  sub- 
jects treated  in  the  papers,  including  a  complete  theory  of  capillarity  and 
a  development  of  the  ideas  of  osmotic  pressure  and  of  dilute  solutions,  I 
have  not  time  to  speak.  These  researches  were  of  such  an  abstract  char- 
acter, and  were  expressed  in  such  severely  logical  form,  almost  devoid  of 
particular  examples,  that  for  years  they  were  very  little  known,  and  being 
published  in  a  journal  which  was  little  accessible,  they  suffered  still 
farther,  until  by  the  efforts  of  the  chemists  Ostwald  and  Le  Chatelier, 
they  were  made  at  least  partially  accessible  in  German  and  French  trans- 
lations. May  I  not  express  the  hope  that  Yale  University  will  now  see 
its  way  to  give  the  scientific  world  an  edition  of  the  complete  works  of 
Gibbs  in  order  ihat  we  may  not  be  longer  compelled  to  obtain  a  knowledge 
of  them  through  the  medium  of  foreign  languages. 

It  is  a  pleasure  to  know  that,  in  spite  of  the  unfortunate  circumstances 
noted,  the  value  of  Gibbs*s  thermodynamical  writings  was  suffi^ently 
appreciated  during  his  lifetime  to  bring  him  the  honor  of  the  Rumford 
medal  of  the  American  Academy  of  Arts  and  Sciences  in  1881,  and  the 
highest  distinction  of  the  Royal  Society  in  its  Copley  medal  in  1901. 

The  bicentennial  of  Yale  University  was  signalized  by  the  publication 
by  Professor  Gibbs  of  a  treatise  in  its  way  quite  as  striking  as  his  thermo- 
dynamical researches ;  namely,  his  Elementary  Principles  in  Statistical 
Mechanics.  We  here  have  a  generalization  of  these  processes  which 
when  applied  to  the  kinetic  theory  of  gases  had  been  attended  with  such 
fruitful  results  in  the  hands  of  Maxwell  and  Boltzmann.  Gibbs  here  con- 
sidered the  conditions  of  so-called  statistical  equilibrium  of  a  very  great 
number  of  precisely  similar  dynamical  systems ;  that  is,  systems  determined 
by  the  same  number  of  independent  variables,  with  the  same  functions 
giving  the  kinetic  and  potential  energies  in  terms  of  the  velocities  and  co- 
ordinates, but  with  the  states  of  the  different  systems,  as  determined  by 
the  values  of  the  coordinates  and  velocities  at  any  particular  instant,  vary- 
ing from  one  system  to  another,  so  as  to  embrace  all  conceivable  states. 
The  question  that  then  presents  itself  is :  In  what  manner  must  these  states 
be  distributed,  that  is,  how  many  of  each  must  there  be,  in  order  that  as 
the  systems  move  in  accordance  with  the  dynamical  laws  that  govern 
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them  all,  the  number  of  systems  that  are  in  any  particular  state  shall  not 
vary  as  the  time  goes  on.  Having  found  this  condition,  the  next  ques- 
tion is  to  decide  upon  the  condition  when  the  various  systems  are 
brought  into  relation  so  as  to  influence  each  other  in  some  particular 
manner.  To  take  the  particularly  simple  example  which  led  Maxwell  to 
deal  with  the  subject,  consider  a  great  number  of  very  small  material  par- 
ticles flying  about  in  a  given  region  at  random  ;  that  is,  with  all  possible 
velocities,  and  in  all  possible  places.  Supposing  that  all  directions  of 
the  velocities  are  represented  and  that  the  number  of  i)articles  whose 
velocities  lie  between  u  and  u  +  du  is  ^(u)ifu,  then  what  must  be  the 
nature  of  the  function  f  in  order  that,  when  influencing  each  other  by 
collision,  or  by  the  exercise  of  repulsive  forces  between  pairs  of  particles, 
the  value  of  ^  shall  be  independent  of  the  time.  Maxwell  found  that  the 
result  was  that  ^(«)  «  ^i/V"****',  or  in  other  words  that  the  rectangular 
components  «^,  «^,  u^  of  the  velocity  are  distributed  according  to  the  law 
of  probability,  e'^'i.  If  there  are  a  number  of  particles  in  statistical  equi- 
librium it  turns  out  that  the  mean  kinetic  energy  for  those  of  one  sort  is 
the  same  as  for  those  of  another  sort,  and  this  result  leads  us  to  what  is 
known  as  Avogadro's  law,  one  of  the  most  important  laws  of  physics  for 
the  chemist.  If  instead  of  a  set  of  particles,  each  of  which  has  three  co- 
ordinates, we  have  a  system  depending  on  a  greater  number,  such  as  a 
rigid  body,  with  six,  the  theorem  known  by  the  name  of  Maxwell  and 
Boltzman  tells  us  that  statistical  equilibrium  is  attained  when  the  kinetic 
energy  is  equally  shared  among  all  the  different  degrees  of  freedom  for 
each  coordinate  system.  For  instance,  if  we  consider  a  pair  of  material 
points  bound  together  by  a  thin  rod,  forming  a  dumbbell-like  model  of  a 
diatomic  molecule,  and  characterized  by  five  degrees  of  freedom,  the 
mean  kinetic  energy  of  translation  for  all  the  molecules  is  three  fifths  of 
the  whole  energy,  thus  giving  us  the  ratio  of  the  specific  heats  equal  to 
1.4.  These  are  practical  conclusions  of  the  kinetic  theory  of  gases,  and 
it  is  to  the  elaborate  generalization  of  such  theorems  that  Gibbs's  work 
leads.  The  subject  belongs  to  the  mathematical  theory  of  probability, 
with  all  the  pitfalls  which  belong  to  that  subject.  A  certain  function  of 
the  state  of  the  systems  is  found  which,  when  they  act  upon  each  other, 
always  tends  to  increase,  and  this  is  analogous  to  the  thermodynamic  en- 
tropy. It  is  in  this  manner  that  the  deduction  of  the  second  law  of 
thermodynamics,  which  has  so  long  been  sought  as  a  consequence  of  the 
laws  of  dynamics  alone,  has  its  most  promising  mode  of  attack.  Appar- 
ently this  law  is  not  to  be  deduced  from  the  properties  of  a  single  system, 
but  by  averaging  those  of  a  great  many  systems  similar  to  each  other.  It 
is  not  to  be  denied  that  if  Gibbs  has  not  succeeded  in  this  deduction, 
which  he  modestly  disclaims,  he  has  at  any  rate  made  a  great  stride  in 
the  direction  of  success. 
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I  can  here  only  mention  Gibbs's  work  on  the  electromagnetic  theory 
of  light,  in  which  the  same  method  of  averages  is  used,  and  in  which  he 
makes  noteworthy  contributions  to  the  difficult  theory  of  dispersion. 
Finally,  a  few  words  on  the  subject  to  which  Gibbs  seemed  to  attach 
great  importance,  but  which  in  my  opinion  is  of  far  less  importance  than 
the  work  already  mentioned.  His  attention  was  early  drawn  to  the 
convenience  for  the  physicist  of  the  use  of  the  notion  of  vectors  intro- 
duced by  Hamilton  and  Grassmann.  Being  dissatisfied  with  their  nota- 
tion, he  devoted  much  attention  to  improving  it,  and  made  great  use  of 
it  in  his  lectures.  The  great  convenience  of  a  system  of  vector  analysis 
is  now  recognized  by  everyone,  but  how  much  of  the  short -hand  advo- 
cated by  one  or  another  of  its  advocates  is  indispensible  is  still  a  matter 
for  discussion.  In  my  own  humble  opinion,  what  is  necessary  is  the  idea 
of  a  vector,  and  of  the  scalar  or  geometric,  and  vector  products,  along 
with  that  of  the  linear  vector  function  and  the  notions  of  divergence  and 
curl,  while  it  is  a  matter  of  individual  preference  whether  one  shall  write 
down  the  cartesian  equations,  or 'one  of  the  three,  or  adopt  a  system  of 
notation  which  may  or  may  not  convey  more  meaning  to  the  eye,  accord- 
ing to  one's  habits  of  mind.  At  any  rate  it  may  be  said  that,  if  present 
signs  are  to  be  trusted,  there  is  as  great  a  tendency  to  adopt  the  notation 
of  Gibbs,  as  so  well  indicated  and  expounded  in  the  treatise  by  his  pupil. 
Dr.  Wilson,  as  that  of  any  of  his  competitors.  With  regard  to  the 
theory  of  vector  analysis,  considered  as  a  branch  of  multiple  algebra,  to 
which  Gibbs  also  made  important  contributions,  I  have  no  doubt  that 
the  pure  mathematician  will  appreciate  its  value  without  need  of  the 
recommendation  of  the  physicist. 

I  have  spoken  thus  at  length  of  the  work  of  Gibbs,  not  only  because 
his  work  was  so  good  an  illustration  of  my  main  thesis,  but  also  because 
I  believe  that  it  shows  him  to  have  been  possessed  of  one  of  the  most 
commanding  intellects  that  this  country  has  produced,  giving  him  the 
right  to  be  ranked  with  Maxwell  and  the  great  names  of  the  century 
now  gone. 

I  pass  now  to  some  of  the  gains  which  physics  has  made  in  the  last 
four  years.  The  subject  of  radioactivity,  which  was  then  beginning  to 
attract  the  attention  of  physicists,  has  since  become  of  absorbing  interest, 
and  the  extraordinary  behavior  of  the  element  radium  in  the  emission  of 
energy  without  apparent  source  of  supply  has  led  us  to  expect  develop- 
ments of  the  greatest  importance  in  our  theoretical  notions.  Even  the 
non -scientific  public,  ever  avid  of  the  sensational,  has  interested  itself  in 
the  properties  of  radium  to  an  extent  only  rivalled  by  the  discovery  of 
the  Rontgen  rays,  and  has  apparently  got  the  idea  that  radium  is  to 
undo  the  chief  conquests  in  physics  of  the  past.  Of  this,  however,  we 
have  no  fear,  but  we  welcome  the  new  discoveries,  with  the  confidence 
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that  their  mysteries  will  eventually  be  unravelled  and  will  fit  themselves 
into  our  system  of  mechanics  without  rupturing  it.  It  is  a  pleasure 
to  recall  that  in  the  subject  of  radioactivity  one  of  the  leading  con- 
tributors has  been,  if  not  an  American,  at  any  rate  a  professor  in  an 
institution  on  the  American  continent,  a  member  of  this  society  and  of 
its  council,  and  a  frequent  contributor  to  its  meetings.  Professor  Ruther- 
ford, of  Montreal. 

During  the  last  year  of  the  life  of  Rowland,  one  of  his  earliest  and 
most  important  discoveries  was  called  in  question ;  namely,  the  mag- 
netic field  produced  by  an  electric  charge  in  motion.  It  would  have 
seemed  to  require  a  daring  and  experienced  experimenter  to  question 
the  existence  of  a  phenomenon  which  had  been  twice  verified  by  Row- 
land himself,  but  such  was  the  insistence  upon  the  claim  that  it  could 
not  be  ignored.  It  is  a  satisfaction  to  know  that  experiments  carried 
on  under  the  direction  of  Rowland  during  the  last  months  of  his  life  had 
again  confirmed  his  conclusion,  and  that  he  died  in  the  full  conviction 
that  he  had  made  no  mistake.  Others'  took  up  the  subject,  with  equally 
positive  results,  but  still  the  suspicion  would  not  down.  Finally,  by 
the  combination  of  efforts  of  Mr.  Pender,  who  had  verified  Rowland's 
results  in  Baltimore,  and  of  M.  Cr^mieu,  who  had  apparently  disproved 
them,  working  together  in  Paris,  the  ghost  was  finally  laid,  let  us  hope 
not  to  rise  again. 

Within  the  last  two  years  another  matter  of  great  theoretical  import- 
ance has  been  experimentally  confirmed.  Maxwell,  in  his  treatment 
of  light  as  consisting  of  electromagnetic  waves,  had  shown  that  a  per- 
fectly reflecting  body  exposed  to  light  incident  normally  should  exper- 
ience a  pressure  numerically  equal  to  the  density  of  energy  in  the 
medium  in  front  of  it.  When  Sir  Wm.  Crookes  discovered  the  action 
of  the  radiometer  thirty  years  ago,  he  at  first  supposed  that  it  was  the 
pressure  of  light  which  caused  the  action,  until  it  was  shown  that  the 
effect  was  of  quite  a  different  nature,  being  due  to  the  action  of  the 
residual  gases  on  the  radiometer  vane.  This  effect  of  Crookes  had  then 
to  be  eliminated  before  the  pressure  due  to  the  light  radiation  itself 
could  be  observed,  and  this  was  at  last  accomplished,  first  by  the  dis- 
tinguished Russian  physicist,  Lebedew,  and  then,  but  with  far  greater  ac- 
curacy, by  our  colleagues,  Nichols  and  Hull.  This  brilliant  confirmation 
of  Maxweirs  theoretical  conclusion,  involving  experimentation  of  the 
highest  order,  constitutes  in  my  opinion  one  of  those  achievements  of 
which  American  physicists  should  be  most  proud. 

The  subject  of  mechanical  flight,  whether  it  belongs  to  physics  or 
engineering,  is  at  any  rate  a  good  example  of  the  truth  that  to  any 
engineering  invention  there  are  three  stages  :  first,  the  physical,  in  which 
the  laws  governing  the  process  are  determined  ;  second,  the  engineering, 
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in  which  it  is  found  how  they  must  be  practically  applied ;  and  finally, 
the  commercial,  when  it  is  found  possible  to  put  the  invention  into 
practice  with  profit.  It  is  the  two  last  stages  that  are  most  appreciated 
by  the  general  public,  which  generally  knows  but  little  of  the  first.  Thus 
the  prolonged  and  well-planned  endeavors  of  I^ngley  to  bring  the  ques- 
tion of  flight  successfully  into  the  engineering  stage,  though  very  nearly 
crowned  with  success,  have  failed  of  popular  acclaim,  have  been  greeted 
with  derision  by  a  large  part  of  the  press,  and  made  the  author  a  target 
of  abuse  for  congressmen,  ignorant  of  the  difficulty  of  the  problem,  and 
of  the  very  great  amount  of  meritorious  work  previously  done  by  Pro- 
fessor Langley  on  the  physical  part,  namely,  the  investigation  of  the  laws 
of  resistance  of  the  air  to  the  motion  of  plane  surfaces.  May  we  not, 
while  according  our  admiration  to  these  researches,  also  express  the  hope 
that  the  more  practical  investigations  may  also  be  brought  to  a  successful 
conclusion.  Pursuing  the  same  object  in  a  somewhat  different  manner, 
the  brothers  O.  and  W.  Wright  have  met  with  even  more  success,  and 
treating  the  problem  of  flight  as  it  probably  must  be  considered,  namely 
as  a  species  of  athletic  sport  involving  great  skill  in  equilibration,  and 
following  on  the  lines  of  the  unfortunate  Lilienthal  and  later  of  Chanute, 
and  learning  the  manipulation  of  soaring  apparatus,  have  Anally  added 
mechanical  propulsion,  and  made  a  successful  flight  of  more  than  half  a 
mile. 

In  his  address.  Professor  Rowland  lamented  the  lack  of  great  endowed 
laboratories  of  research,  and  contrasted  the  amount  of  money  devoted  to 
the  promotion  of  research  with  that  devoted  to  armies  and  navies  for 
purposes  of  destruction.  In  this  connection  we  have  some  progress  to 
report.  To  be  sure,  the  United  States  is  expecting  to  spend  some 
ninety-six  millions  of  dollars  on  the  navy  during  the  coming  year,  al- 
though not  engaged  in  war,  but  the  government  has  also  established 
the  Bureau  of  Standards,  for  the  buildings  and  equipment  of  which 
$550,000  has  been  already  appropriated,  with  a  large  annual  appropri- 
ation including  for  the  current  year  the  sum  of  $85,000  for  salaries. 
Under  the  broad  policy  of  its  director,  Professor  Stratton,  this  institution 
will  be  to  a  large  extent  a  research  laboratory,  and  plans  have  been  made 
for  buildings  of  such  convenience,  with  so  complete  an  equipment,  that 
I  feel  confident  that  this  laboratory  will  be  little,  if  any,  behind  the 
German  Physikalisch-technische  Reichsanstalt,  a  comparison  as  flattering 
as  any  I  know  how  to  make.  Those  who  saw  last  year  at  Washington 
what  had  already  been  begun,  and  the  plans  of  the  buildings  now  under 
construction,  and  who  heard  this  year  at  St.  Louis  the  account  of  the 
work  by  Professor  Rosa,  will,  I  think,  agree  that  I  have  not  overestimated 
the  importance  of  this  institution.  Its  work  will  not  only  influence  the 
work  of  physicists  in  general,  but  will  have  the  most  advantageous  in- 
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flaence  on  the  work  of  instrument- makers  in  this  country,  and  will  tend 
to  make  us  independent  of  foreign  countries  to  an  extent  which  has 
never  been  the  case  before. 

Finally,  as  a  further  step  in  palliation  of  Rowland's  reproach,  we  have 
the  foundation  of  the  Carnegie  Institution,  which  to  be  sure  has  not  the 
income  of  $100,000,000  per  year  desired  by  Rowland,  but  which  is 
nevertheless  a  most  generous  addition  to  the  material  facilities  in  aid  of 
scientific  research,  and  which  will,  if  wisely  administered,  undoubtedly 
have  a  most  helpful  effect  in  advancing  the  interests  of  science.  To  be 
sure,  we  find  that  last  year  the  grants  in  physics  were  only  ^\e>  thousand 
dollars,  while  a  single  chemist  obtained  one  half  this  sum,  and  for  this 
year  economic  science  has  received  a  grant  of  thirty  thousand  dollars  for 
a  single  object.  Whether,  as  has  been  intimated  to  me,  the  representa- 
tives of  physics  were  not  sufficiently  active  in  presenting  plans  of  re- 
search, or  whether  the  administrators  of  the  Carnegie  Institution  had  six 
times  as  much  confidence  in  the  representatives  of  economics  as  in  those 
of  physics,  the  result  is  equally  unflattering  to  us,  and  we  must  strive  to 
remove  its  cause.  As  I  have  stated  above,  I  believe  that  the  sending  of 
Dr.  Pender  to  Paris  by  the  Carnegie  Institution  to  investigate  with  M. 
Cr^mieu  the  Rowland  effect,  will,  if  it  shall  have  permanently  settled 
the  existence  of  this  effect,  be  of  enough  importance  to  justify  the  ex- 
pedition ^{  the  whole  sum  appropriated  to  physics. 

This  is  not  the  place  for  me  to  examine  the  record  of  this  country  as 
to  its  contributions  to  physics  at  large.  I  believe  it  will  be  generally 
admitted  that  in  physics,  as  in  other  sciences,  as  in  art  and  literature,  our 
contribution  has  been  painfully  small,  as  compared  with  what  might  have 
been  expected  from  a  people  as  numerous,  as  energetic,  and  as  prosper- 
ous as  ours.  The  names  of  Franklin,  Rumford,  Henry,  and  Mayer,  were 
the  only  ones  mentioned  by  Rowland  as  constituting  the  **  meager  list  of 
those  whom  death  allows  me  to  speak  of  and  who  have  earned  mention 
here  by  doing  something  for  the  progress  of  our  science."  To  these  is 
now  to  be  added  his  own  name,  while  among  those  still  living  are  several 
whose  work  has  won  the  admiration  of  the  world.  We  have  at  any  rate 
now  the  spirit,  and  many  praiseworthy  researches  are  here  produced  each 
year.  If  it  is  true  that  few  capital  discoveries  in  physics  have  originated 
in  this  country,  to  what  is  it  due  ?  Many  replies  suggest  themselves. 
The  application  of  so  much  energy  to  the  subduing  of  a  new  country,  the 
greater  inducements  offered  by  commercial  success,  the  recent  great  ma- 
terial prosperity  of  the  country,  with  a  corresponding  loss  of  ideality.  It 
is  undoubtedly  true  that  the  volume  density  of  ideas  connected  with  phys- 
ics is  as  yet  abnormally  small  in  the  atmosphere  in  this  country,  on  account 
of  the  newness  of  the  habit  of  inquiring  of  nature  at  first  hand,  and  on 
account  of  the  isolation  of  physicists  from  each  other  and  from  the  Euro- 
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pean  schools  in  which  the  habit  of  pondering  on  such  subjects  is  old  and 
well  established.  But  I  venture  to  propose  another  reason  for  this  defi- 
ciency, not  a  sufficient  reason,  but  to  my  mind  an  important  one,  and 
that  is  the  insufficient  equipment  which  American  physicists  have  gener- 
erally  possessed  in  mathematics. 

That  this  lack  has  been  a  real  one  hardly  needs  argument.  Before  the 
Civil  War  and  even  later,  it  was  impossible  to  obtain  instruction  even  in 
pure  mathematics  in  anything  worthy  the  name.  The  early  years  of  the 
nineteenth  century  were  great  years  in  physical  discovery,  but  the  work 
of  Fourier,  Poisson  and  Cauchy,  of  Gauss,  Green,  Young,  McCullagh,  and 
Fresnel,  remained  a  closed  book  in  our  universities.  Those  few  rare 
searchers  who  took  up  investigation  in  physics  were  obliged  to  do  so 
without  the  help  that  theory,  embodied  in  mathematical  symbolism,  can 
give.  But  here  it  may  be  asked,  in  fact  university  presidents  do  ask, 
'*  Can  one  not  become  an  investigator  in  physics  without  mathematics?  " 
and  the  name  of  Faraday  will  be  adduced  as  a  convincing  example  to  the 
contrary.  To  that  may  be  replied  that  what  was  to  Faraday  practically  a 
tabula  rasa  is  now  so  thickly  written  over  that  the  difficulty  of  making 
new  discoveries  is  greatly  enhanced,  and  the  need  of  all  possible  equip- 
ment greatly  emphasized ;  but  also  that  in  Faraday  the  lack  of  mathemati- 
cal knowledge  was  compensated  for  by  a  most  wonderful  intuition,  which 
in  itself  would  have  constituted  him  a  genius.  But  even  Faraday,  with 
all  his  intuition,  failed  to  show  how  electrical  actions  could  be  transmitted 
through  the  medium  which  he  felt  sure  did  transmit  them,  and  the  elec- 
tromagnetic theory  of  light  was  left  for  another  to  invent.  Maxwell,  on 
the  contrary,  with  his  thorough  mathematical  equipment,  taking  up  with 
enthusiasm  the  ideas  of  Faraday,  was  able  to  elaborate  a  system  in  which 
all  the  phenomena  already  known  found  a  place,  with  room  for  the  many 
not  then  known,  which  have  since  been  found  to  justify  his  theory. 

This  example  of  Faraday  and  Maxwell  may  be  made  an  excellent  text 
for  a  discussion  as  to  the  object  of  experimental  investigation  in  general. 
What  is  the  use  in  observing  the  pressure  of  light  ?  Is  it  merely  that  it  is 
an  interesting  phenomenon,  or  is  it  because  it  fits  into  a  great  systematic 
arrangement  of  our  knowledge  of  the  mechanism  of  radiation,  of  the 
properties  of  energy  and  the  laws  of  mechanics,  as  embodied  in  the  differ- 
ential equations  representing  the  properties  of  the  ether.  Is  there,  I  ask, 
a  grander  achievement  of  the  human  intellect  than  this  same  theory  of 
the  ether,  not  built  up  like  the  theories  of  the  ancients  on  a  priori  grounds 
and  hypotheses,  but  arrived  at  by  a  gradual  process  of  logical  reasoning 
as  more  and  more  experimental  facts  became  known,  and  gradually  tak- 
ing on  a  simplified  and  comprehensible  form,  so  that  in  the  words  of 
Ix)rd  Kelvin,  ether  is  the  only  thing  we  know  anything  about.  Why  are 
we  so  interested  in  the  confirmation  of  Rowland's  observation  that  an 
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electrified  disk  in  rotation  produces  a  magnetic  field  ?  Would  that  feet 
of  itself  be  so  important  if  it  did  not  fit  in  with  Maxwell's  theory  that 
charges  are  found  at  regions  of  divergence  of  the  electric  polarization  of 
the  medium,  and  that  where  this  electric  polarization  is  changing  with 
the  time,  there  is  produced  a  magnetic  field.  Thus  the  phenomenon  of 
Rowland  takes  its  place  as  furnishing  a  term  in  the  equations  of  Maxwell, 
explicitly  introduced  into  them  by  Hertz,  and  contributing  toward  their 
symmetry  and  consistency.  And  if  the  Rowland  effect  does  not  exist, 
what  becomes  of  the  Zeeman  effect,  and  of  the  determination  of  the  mass 
of  electrons  by  the  curvature  of  cathode  rays  in  a  magnetic  field  ? 

But,  it  may  be  objected,  the  content  of  a  theory,  such  as  the  theory  of 
the  ether,  may  be  expressed  in  physical  language  without  the  employment 
of  mathematical  symbols  and  differential  equations.  Faraday's  lines  of 
force  and  his  electrotonic  state  of  the  medium,  it  may  be  said,  express  as 
much  as  the  triple  integrals  and  the  time  derivatives  of  the  mathematician. 
To  a  certain  extent  this  may  be  true,  but  this  extent  must  be  very  limited, 
and  although,  for  instance,  Faraday  was  able  to  state  the  law  of  induction 
of  currents  quantitatively  in  terms  of  the  number  of  lines  of  force  thread- 
ing a  circuit,  without  reference  to  a  surface  integral  expressing  the  flux, 
he  was  not  able  to  state  the  quantitative  laws  of  distribution  of  energy  in 
the  medium,  to  describe  the  method  of  propagation  of  the  energy  in 
waves,  or  to  foresee  the  mechanical  pressure  of  the  radiation. 

Besides  the  argument  resulting  from  the  desire  to  coordinate  our  facts 
in  a  systematic  theory,  let  us  consider  the  practical  help  which  mathe- 
matics affords  to  the  experimental  investigator  as  to  what  to  look  for. 
In  the  address  from  which  I  have  so  often  quoted.  Professor  Rowland 
makes  use  of  the  statement  that  ''a  mathematical  investigation  always 
obeys  the  law  of  the  conservation  of  knowledge :  we  never  get  out  more 
from  it  than  we  put  in.**  This  when  taken  literally  is  to  be  sure  true, 
but  it  would  be  a  great  mistake  to  infer  therefrom  the  practical  fruitless- 
ness  of  mathematical  investigation  of  natural  phenomena.  Consider  the 
possibilities  of  transformation.  Let  us  not  forget  that  although  chemical 
action  obeys  the  laws  of  conservation  of  energy,  still  from  the  mixture  of 
the  sour  nitric  acid  and  the  sweet  and  harmless  glycerine  we  get  the 
powerful  nitroglycerine,  fraught  with  powers  for  good  or  evil.  So  in 
the  hands  of  Maxwell  the  volume  integrals  of  Gauss  and  Laplace  repre- 
senting action  at  a  distance  are  transformed  into  differential  equations 
representing  action  of  the  medium  and  propagation  in  time.  This  result 
is  then  left  for  experimentation  to  confirm,  as  it  did  in  such  a  satisfactory 
manner  at  the  hands  of  Hertz.  As  a  further  example,  let  us  consider 
the  position  of  an  investigator  of  the  conduction  of  heat  who  should  be 
ignorant  of  the  work  of  Fourier.  To  be  sure,  he  might  find  out  the  laws 
of  the  stationary  state,  and  this  knowledge  might  stand  to  what  we  now 
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have  of  conduction  in  the  relation  of  the  knowledge  of  steady  electric 
currents  to  that  of  all  the  phenomena  of  variable  and  periodic  currents 
of  electricity.  The  laws  of  heat  conduction  are  in  themselves  extremely 
simple,  and  are  embodied  in  the  law  of  Fourier  that  the  quantity  of  heat 
flowing  across  an  isothermal  surface  in  a  given  small  interval  of  time  is 
proportional  to  the  duration  of  the  time,  to  the  area  of  the  surface,  and, 
most  important,  to  the  rate  of  fall  of  temperature  in  the  direction  of  the 
normal  to  the  isothermal  surface.  This  law  of  conduction  together  with 
the  previously  known  one  that  the  elevation  of  temperature  produced  in 
a  substance  by  the  communication  of  a  quantity  of  heat  is  proportional 
to  that  quantity,  leads  to  the  equation  for  the  propagation  of  heat  by 
conduction. 

In  like  manner  our  knowledge  of  the  propagation  of  a  sound  wave  con- 
sists in  the  two  statements  that  the  acceleration  imparted  to  a  small  por- 
tion of  the  medium  is  proportional  to  the  resultant  of  all  the  pressures 
acting  on  it,  and  that  the  component  in  any  direction  is  proportional  to 
the  rate  of  decrease  of  pressure  as  we  go  in  that  direction,  and  secondly 
that  the  pressure  produced  at  a  point  depends  in  a  definite  manner  on 
the  compression  produced  there,  say  according  to  the  adiabatic  law. 
These  two  statements  again  lead  us  to  the  differential  equation  for  the 
propagation  of  sound,  which  is,  what  is  not  the  least  interesting,  the 
same  as  that  for  the  propagation  of  light  and  of  electric  waves,  as  the  one 
just  mentioned  is  also  applicable  to  the  diffusion  of  liquids  or  gases. 


Is  there  now,  I  may  ask,  anything  in  the  nature  of  the  physical  laws  in- 
volved or  in  the  manner  of  stating  them  which  would  lead  one  to  infer 
that  there  was  any  extraordinary  difference  in  the  two  modes  of  propaga- 
tion ?  Is  there  even  any  such  marked  difference  in  the  differential  equa- 
tions ?  I  think  that  you  will  agree  with  me  that  it  would  take  a  physicist 
of  very  great  intuition  to  describe  exactly  what  would  occur  in  the  two 
cases,  if,  for  instance,  a  small  region  in  an  unlimited  medium  were  to  be  the 
seat  of  an  initial  disturbance,  in  the  one  case  representing  a  hot  spot,  in 
the  other  a  region  of  compression,  or  electric  or  magnetic  field.  And 
yet  the  beautiful  method  invented  by  Fourier  and  developed  by  Cauchy 
leads  to  the  integral  of  the  conduction  equation,  in  case  the  tempera- 
ture is  at  a  given  time,  /  =  o,  distributed  in  any  prescribed  manner 
u  ^=^f{xyz)^  so  that  the  temperature  at  any  subsequent  time  /  is  repre- 
sented by  the  integral 
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where  r  represents  the  distance  of  the  point  a^y  from  the  point  ocyz,     A 
glance  at  this  integral  tells  the  whole  story,  as  follows : 

The  temperature  of  any  point  xyz  is  the  additive  resultant  of  the 
effects  of  all  the  initially  heated  points,  each  producing  an  effect  depen- 
dent pn  its  distance  away,  and  on  the  time  that  has  elapsed,  in  accord- 
ance with  the  factor  t~^^^  */^  which,  on  discussion  as  a  function  of  the 
time  /  and  the  distance  r,  gives  the  following  results.  The  effect  at  the 
point  xyzy  no  matter  how  far  away,  is  immediately  felt,  the  temperature 
rises  to  a  certain  maximum  and  then  falls  away,  but  the  effect  is  never 
lost.  The  maximum  temperature  attained  is  less  the  greater  the  distance 
between  the  two  points,  and  the  rate  of  rise  and  fall  is  slower,  but  the 
striking  thing  is  that  some  effect  is  immediately  produced,  as  shown 
graphically  by  the  curves  which  I  show.  Nor  is  the  effect  of  the  dis- 
tance to  be  overlooked,  for  although  the  time  of  maximum  temperature 
is  greater  the  greater  the  distance,  it  is  not  proportional  to  the  distance, 
but  to  its  square.  Thus  we  see  how  futile  it  would  be  to  seek  a  velocity 
of  propagation  of  heat,  for  there  is  none.  This  solution,  when  applied 
by  Lord  Kelvin  to  the  propagation  of  electric  current  in  a  cable  in  which 
the  effect  of  self-induclion  was  neglected,  showing  that  the  maximum  of 
signals  would  be  received  at  times  proportional  to  the  squares  of  the  dis- 
tances, gave  rise  to  the  famous  KR-law  ;  and  it  was  upon  this  basis  that 
Lord  Kelvin  predicted  the  success  of  the  Atlantic  cable,  by  comparisons 
with  the  working  of  a  short  Mediterranean  cable  already  existing.  Here, 
then,  was  a  practical  result  of  a  mathematical  nature  readily  appreciated 
by  capitalists  of  the  caliber  of  Cyrus  W.  Field. 

Contrast  the  result  just  described  with  the  result  of  the  same  method 
applied  to  the  second  equation.  Without  writing  down  the  result,  or  the 
transformation  which  enables  us  to  interpret  it,  which  is  longer,  we  find 
that  the  effect  at  any  point  is  the  resultant  of  the  conditions  at  other 
points,  but  that  in  this  case  the  effect  is  not  immediately  felt,  but  that  it 
comes  on  at  a  time  directly  proportional  to  the  distance  between  the  two 
points,  passes  over,  and  the  effect  is  gone.  Thus  sound,  light  and  elec- 
trical disturbances  are  propagated  with  a  definite  velocity  in  waves,  and 
we  are  able  at  all  instants  to  identify  the  separate  effects  of  each  point, 
or,  as  we  may  say,  to  interpret  signals  sent  us  without  confusion  with 
each  other.  It  was  by  the  discussion  of  the  two  terms  in  the  integral  of 
this  equation  that  Kirchoff  put  the  principle  of  Huyghens,  and  the  ex- 
planation of  interference  and  diffraction,  upon  a  satisfactory  dynamical 
basis. 

In  connection  with  the  two  differential  equations  which  I  have  men- 
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tioned  there  comes  the  one  which  is  an  extension  of  them,  and  which 
arises  when  we  attempt  to  find  the  law  of  propagation  of  sound  in  a  vis-^ 
cous  medium,  of  electric  waves  in  a  conducting  dielectric,  or  of  a  tele- 
graph line  whose  self-induction  is  not  negligible.  This  gives  the  equa- 
tion, first  obtained  by  Kirchhoff, 


which  has  been  called  the  telegraphist's  equation,  and  which  is  of  so- 
much  importance  practically  in  connection  with  telephony  and  the  trans- 
mission of  energy  by  alternating  currents.  It  may  here  be  guessed  with 
physical  intuition  that  the  physical  nature  of  the  propagation  will  com- 
bine the  characters  of  both  the  other  modes,  and  this  the  mathematical 
discussion  will  verify.  Here  the  method  of  Fourier  is  again  applicable, 
although  this  was  long  unperceived,  and  the  labors  of  Heaviside,  Picard, 
Poincar^,  Boussinesq,  and  Brillouin  have  at  last  given  us  the  general  so- 
lution, which  shows  that  while  the  propagation  is  by  waves,  and  with  a 
definite  velocity,  still  the  wave  is  in  a  measure  wiped  out  as  it  proceeds, 
and  leaves  behind  it  a  persistent  trail  which  lasts  indefinitely,  and  in 
telegraphy  confuses  the  signals.  The  discussion  of  the  solution,  how- 
ever, suggested  to  Vaschy  and  Heaviside  what  was  to  be  done  practically 
to  improve  the  transmission,  and  render  telephony  possible  over  still 
greater  distances.  It  was  the  results  of  a  mathematical  discussion  of  par- 
ticular solutions  of  the  telegraphist's  equation,  in  a  paper  read  in  this 
room,  that  led  Professor  Pupin  to  the  great  improvement  in  telephony 
which  he  has  so  successfully  completed.  It  is  of  the  greatest  importance 
that  the  method  of  Riemann,  and  the  applications  of  it  by  Darboux, 
Picard  and  others,  have  enabled  us  to  classify  equations  so  that  the 
matter  of  the  propagation  of  discontinuities  stands  out  in  clear  relief. 

Let  us  now  turn  to  the  questions  of  the  future  or  of  the  immediate 
present.  What  are  they  ?  Though  the  ether  itself  is  now  well  under- 
stood, at  least  as  to  its  mode  of  action,  the  nature  of  its  connection  with 
matter  is  now  prominently  under  discussion,  and  the  electro-dynamics 
of  moving  bodies  is  an  extremely  important  subject  for  investigation. 
The  importance  of  small  charged  bodies  or  electrons  in  the  subject  of 
radioactivity  has  aroused  a  very  great  interest  in  the  question  of  the 
tnagnetic  fields  produced  by  moving  charges,  and  every  result  of  theory 
will  be  eagerly  welcomed.  Here  the  theory  of  Lorentz  seems  to  be  of 
the  greatest  promise,  being  an  adaptation  of  Maxwell's  theory  to  moving 
bodies,  and  the  results  of  this  theory  have  even  led  to  the  attempt  on  the 
part  of  Wien,  Abraham,  and  others  to  explain  dynamics  itself  on  an 
electromagnetic  basis,  the  inertia  of  a  particle  being  due  to  the  reaction 
of  the  magnetic  field  emitted  by  a  moving  electric  charge  (the  Rowland 
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effei  I).  The  question  of  the  relative  motion  of  the  earth  and  the  ether, 
with  the  explanation  of  aberration  is  occupying  the  attention  of  the  most 
skilled  talent,  both  experimentally  and  theoretically.  The  question  of 
the  mechanics  of  radiation,  and  the  distribution  of  energy  in  the  spectra 
of  hot  bodies  is  another  subject  of  the  highest  importance,  in  which  great 
progress  has  recently  been  made,  and  more  is  confidently  expected. 
Besides  these,  there  is  the  ever-present  attempt  to  simplify  matters  by  a 
reduction  to  dynamical  explanations,  particularly  in  the  matter  of  ther- 
modynamics, where  the  statistical  methods  of  which  I  have  spoken  are 
undoubtedly  to  become  of  still  greater  importance.  All  of  these  subjects 
demand  mathematical  acumen  and  equipment  of  a  high  order,  and  it 
seems  needless  to  argue  the  absolute  necessity  of  such  equipment  to  the 
successful  physicist  wishing  to  contribute  in  large  degree  to  the  extension 
of  the  world's  knowledge.  To  the  objection  sometimes  made,  that  the 
two  kinds  of  mind,  which  are  fitted  at  the  same  time  for  experimental 
discovery  and  for  mathematical  research,  are  rarely  combined  in  the  same 
person,  and  the  suggesstion  that  the  physicist  ally  himself  with  some 
mathematician  who  shall  solve  his  theoretical  difficulties,  I  reply  that 
such  happy  marriages  are  rarer  still,  and  that  lacking  an  extraordinary 
amount  of  sympathy  and  insight  on  the  part  of  the  mathematician,  the 
advice  of  Miles  Standish  is  still  good, 

**  If  you  wish  a  thing  to  be  well  done, 

You  must  do  it  yourself,  you  must  not  leave  it  to  others." 

As  examples  to  illustrate  my  point,  I  may  mention  the  names  of  Helm- 
holtz,  Lord  Rayleigh,  and  Hertz,  of  whom  it  would  be  difficult  to  say 
whether  they  excelled  most  in  theory  or  experiment. 

We  come  then  to  the  practical  question,  how  much  and  what  portions 
of  mathematics  are  necessary  to  the  physicist,  and  how  may  the  student 
be  provided  with  them.  It  is  unnecessary  to  say  that  first  of  all  com^ 
a  thorough  acquaintance  with  the  infinitesimal  calculus,  with  the  ability 
to  make  use  of  it  in  manifold  applications.  Of  these,  the  most  impor- 
tant is  mechanics,  the  foundation  stone  of  physics,  and  the  portion  which 
we  wish  to  include  everything  else.  Upon  a  thorough  training  in  me- 
chanics one  cannot  too  strongly  insist.  And  here  it  will  not  suffice  to 
be  content  with  the  elementary  notions,  but  the  student  must  understand 
and  be  practised  in  the  meaning  and  use  of  Lagrange's  equations,  and  be 
acquainted  with  the  methods  used  in  the  treatment  of  continuous  media, 
as  well  as  of  discrete  points.  The  subject  of  differential  equations  is  of 
fundamental  importance  in  all  physical  applications,  and  that  of  linear 
partial  differential  equations  with  constant  coefficients  should  receive 
particular  attention.  As  an  indication  of  what  is  desirable  in  this 
direction  I  may  mention  Byerly's  treatise  on  Fourier's  series  and  Weber's 
reconstituted  lectures  of  Riemann,  of  which  the  first  may  be  especially 
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commended  for  the  many  examples  for  practice" furnished  the  student, 
and  the  latter  for  the  greater  variety  of  methods  with  which  it  gives 
acquaintance.  The  subject  of  the  theory  of  functions  of  a  complex  vari- 
able is  of  such  manifold  importance  in  its  physical  applications,  especially 
in  connection  with  the  conformal  representation  of  surfaces,  and  with 
the  linear  differential  equations  with  variable  coefficients  that  arise  from 
physical  problems,  that  it  must  not  be  neglected.  I  believe  also  that  it 
is  impossible  for  the  physicist  to  be  too  familiar  with  geometry,  and  in 
particular  with  those  applications  of  the  calculus  usually  denoted  by  the 
name  differential  geometry,  as  applied  to  the  study  of  curves  and  surfaces. 
Having  arrived  at  this  point,  I  take  the  liberty  of  addressing  myself 
to  the  mathematicians,  and  contemplating  briefly  the  other  side  of  the 
shield,  by  showing  what  they  are  to  gain  from  the  alliance  with  the  phys- 
icists. I  need  hardly  recapitulate  the  debt  which  mathematics  owes  to 
physical  questions  for  proposing  fruitful  fields  of  inquiry.  There  is  no 
need  to  go  back  to  ancient  times  to  speak  of  the  measurement  of  land  as 
giving  the  impetus  to  the  study  of  geometry,  or  even  to  the  time  of 
Newton,  whose  attention  was  chiefly  occupied  by  physical  questions. 
From  the  time  of  Laplace  and  Lagrange,  the  greatest  mathematical  intel- 
lects have  concerned  themselves  with  physical  matters.  Gauss,  who  by 
common  consent  is  without  a  peer  in  his  century,  was  the  author  not  only 
of  the  **  Disquisitiones  Arithmeticae  "  but  also  of  the  "Forces  acting 
according  to  the  inverse  square.*'  To  how  many  investigations  in  the 
theory  of  differential  equations  and  the  theory  of  functions  has  the  equa- 
tion of  Laplace  given  rise  !  Was  not  the  investigation  of  Dirichlet  on  the 
convergence  of  trigonometric  series,  brought  to  the  attention  of  the  world 
by  their  application  by  Fourier  to  physical  problems,  the  beginning  of 
the  modem  critical  study  of  functions  of  a  real  variable,  and  has  not 
the  subject  thus  begun  been  one  of  the  most  prolific  in  all  modem  analy- 
sis? Did  not  the  differential  equations  which  have  been  most  thoroughly 
studied,  namely  the  linear  differential  equations  of  the  second  order, 
originate  from  the  method  of  orthogonal  curvilinear  coordinates,  applied 
by  Lam6  to  the  study  of  the  partial  differential  equations  of  physics  ?  Was 
not  the  subject  of  the  Calculus  of  Variations  called  into  existence,  and 
does  it  not  still  draw  most  of  its  problems  or  examples  from  physical 
questions?  I  will  mention  only  brachistochrones  and  minimal  surfaces. 
Even  such  exponents  of  the  **  purest  **  or  least  applied  species  of  mathe- 
matics as  Weierstrass  and  Kronecker  found  an  application  of  the  theory 
of  elementary  divisors  in  Lagrange's  problem  of  small  oscillations,  while 
the  attention  paid  to  physical  applications  by  Poincar6,  Picard  and  Klein 
is  well  known.  But  there  is  a  still  more  practical  reason  that  the  mathe- 
matician should  concern  himself  with  physics,  to  a  degree  that  is  by  no 
means  uncommon  in  Europe,  but  is  I  believe  far  from  common  in  this 


Digitized  by 


Google 


314  ^^^  AMERICAN  PHYSICAL  SOCIETY.        [Vou  XVIII. 

country.  I  may  say  in  fact,  to  speak  in  language  that  is  sure  to  be 
understood  in  America,  that  it  will  be  money  in  the  pocket  of  the  mathe- 
matician to  make  himself  acquainted  to  a  large  extent  with  physics,  and 
with  the  needs  of  physicists  and  even  of  engineers.  Many  a  promising 
student,  who  has  earned  his  doctor's  degree  in  pure  mathematics  finds 
himself  obliged  to  teach  applications  to  physics,  and  what  is  likely  to  be 
his  state  of  mind,  however  familiar  he  may  be  with  the  theory  of  groups 
or  with  the  properties  of  power  series,  if  he  knows  nothing  of  the  poten- 
tial function,  of  dynamics,  or  of  spherical  harmonics?  I  have  even 
known  mathematical  graduates  to  have  to  teach  thermodynamics  and  the 
strength  of  materials,  and  in  engineering  schools  this  is  by  no  means  in- 
frequently the  case. 

I  hope  then  that  I  have  said  enough  to  show  that  the  interests  of 
mathematicians  and  physicists  are  to  a  large  degree  identical,  and  *that 
each  can  well  profit  by  the  work  of  the  other.  At  any  rate,  they  are 
both  equally  interested  that  the  instruction  in  mathematics  in  the  schools 
should  be  improved,  and  that  throughout  school  and  college  the  most 
practical  methods  should  be  adopted,  with  the  minimum  of  waste.  In 
this  matter  I  am  thoroughly  in  accord  with  the  ideas  expressed  by  Pro- 
fessor Moore  in  his  presidential  address  to  the  American  Mathematical 
Society  a  year  ago,  particularly  in  what  he  says  with  regard  to  the  unifi- 
cation of  pure  and  applied  mathematics.  The  complaint  is  often  made 
of  the  instruction  in  the  schools  that  the  algebra,  and  even  the  geometry, 
is  largely  meaningless  to  the  scholar  because  he  does  not  have  any  use  for 
it.  Now  mathematics,  though  it  has  undoubtedly  its  raison  if  etre  if  re- 
garded simply  as  an  intellectual  achievement,  is  for  the  great  majority  of 
those  who  use  it  a  tool,  to  be  mastered  because  one  can  do  something 
with  it,  and  the  sooner  that  the  student  learns  what  he  can  do  with  it  the 
better.  I  believe  then  that  with  every  step  in  advance  in  algebra  or 
geometry  should  be  connected  some  application,  so*  that  the  drawing- 
board,  the  slide-rule  and  the  performance  of  experiments  in  physics 
should  all  be  closely  bound  together.  In  fact  I  would  go  so  far  as  to 
wish  that  all  the  school  mathematics  and  physics  might  be  taught  by  the 
same  person,  or  if  this  is  not  possible,  that  the  work  of  the  two  depart- 
ments should  be  in  the  hands  of  teachers  in  the  highest  sympathy  with 
each  other's  work.  In  this  regard  I  share  the  desires  of  Professor  John 
Perry  in  England,  who  is  continually  contending  for  the  extension  of  the 
teaching  of  the  useful  and  interesting  rather  than  that  of  the  formal  or 
strictly  logical. 

I  shall  now  attempt  briefly  to  sketch  out  a  course,  such  as  I  think  a 
student  of  physics  should  have,  and  to  show  that  it  is  quite  practical, 
and  that  without  making  inordinate  demands.  I  claim  no  originality,  as 
such  courses  are  in  existence  at  many  of  our  leading  institutions  —  I  wish 
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merely  to  urge  that  all  intending  physicists  take  them.  I  will  suppose 
that  the  school  course  in  geometry,  algebra  and  physics  has  been  organ- 
ized as  described  by  Professor  Moore,  and  that  the  boy  comes  to  college 
familiar  with  the  elements  of  algebra,  including  the  complex  diagram, 
skilled  with  the  drawing-board,  the  ruler  and  compasses,  and  practised 
in  numerical  computations,  the  use  of  tables  and  squared  paper.  He 
should  also  know  enough  of  plane  trigonometry  to  get  along  with  —  it  is 
astonishing  how  little  that  is. 

Most  of  our  colleges  now  have  four  year  courses,  and  a  students 
spends  in  addition  three  in  graduate  work  before  taking  his  degree.  It 
will  not  be  long  before  the  college  course  is  reduced  to  three  years, 
whether  we  approve  or  no,  and  while  it  is  not  possible  to  make  a  physi- 
cist or  mathematician  in  six  years,  we  can  at  least  give  him  a  good  start, 
and  launch  him  on  the  scientific  sea  prepared  to  navigate  for  himself, 
without  expecting  him  to  make  shipwreck.  During  the  first  year  he  will 
naturally  devote  himself  to  analytic  geometry,  of  two  and  three  dimen- 
sions, for  I  believe  that  soon  after  beginning  they  may  be  studied  together, 
and  to  learning  enough  of  the  elements  of  the  theory  of  equations  and  of 
determinants  to  apply  them  in  geometry.  By  the  end  of  this  year  he 
should  have  been  introduced  to  the  elements  of  calculus,  without  which 
I  do  not  believe  it  pays  to  study  analytic  geometry.  In  connection  with 
the  analytic  geometry  he  may  also  learn  the  elements  of  vector  analysis, 
which  is  largely  a  matter  of  notions  and  notations.  If  anyone  doubt  the 
possibility  of  doing  this  in  a  year's  course  of  five  hours  a  week,  I  recom- 
mend him  to  read  the  preface  of  Perry's  calculus,  and  see  what  that 
gifted  teacher  has  himself  accomplished.  During  the  second  year  he 
should  attack  the  calculus  in  a  serious  manner,  guided  by  a  text-book 
covering  the  subject  matter  of,  say,  Lamb's  admirable  text- book,  learning 
at  the  same  time  more  analytic  geometry,  and  supplementing  the  examples 
with  many  from  different  parts  of  physics,  such  as  are  bountifully  supplied 
by  Perry.  During  this  year  he  will  certainly  have  made  the  acquaintance  of 
mechanics,  in  a  more  satisfactory  way  than  was  possible  the  year  before, 
and  by  the  end  of  the  year  will  have  a  good  deal  of  practical  knowledge 
of  differential  equations.  Of  course  the  squared  paper  and  the  drawing- 
board  will  have  been  in  constant  use.  The  third  year  he  will  get  at 
partial  derivatives  with  a  multitude  of  examples,  definite  integrals,  an 
extremely  practical  subject  for  the  physicist,  and  differential  geometry. 
To  give  a  concrete  idea  of  what  I  mean,  I  will  suppose  the  subject  matter 
to  have  been  covered  in  these  three  years  that  is  contained  in  Lamb's 
and  Perry's  Calculus,  Appell's  Elements  de  I'Analyse  math^matique  (an 
extremely  attractive  and  practical  book),  and  perhaps  half  of  Scheffers' 
Anwendung  der  Differential-  und  Integralrechnung  auf  Geometrie. 
The  student  will  then  be  prepared  to  take  up  mathematical  physics  in 
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earnest,  and  during  the  next  three  years  the  systematic  study  of  differen- 
tial equations  occurring  in  physics,  with  the  developments  in  series  of  func- 
tions of  Fourier,  Bessel,  Laplace  and  Lam6,  the  theory  of  functions  and  of 
infinite  series  and  the  mathematical  theories  of  electricity  and  light,  sound 
and  heat,  all  preceded  by  a  liberal  amount  of  mechanics,  including  elas- 
ticity and  hydrodynamics,  will  have  no  terrors  for  him.  It  may  be  asked 
whether  I  would  require  all  these  subjects  for  the  doctor's  degree.  I  reply 
that  I  certainly  should,  if  by  that  degree  is  meant  an  adequate  prepara- 
tion for  life,  understanding  by  "life**  in  this  case  the  contribution  of 
original  work  to  the  world. 

In  the  college  work  I  believe  that  it  would  be  of  mutual  advantage 
not  to  separate  the  two  classes  of  students,  mathematical  and  physical, 
nor  them  from  those  who  pursue  the  subjects  merely  for  their  educational 
value,  but  in  the  university  practical  requirements  may  require  a  modifi- 
cation of  this  opinion.  Here,  again,  I  appeal  to  my  mathematical  col- 
leagues that  they  have  the  greatest  sympathy  for  the  needs  of  physical 
and  engineering  students  who  may  come  under  their  teaching.  Remem- 
ber that  though  they,  too,  may  have  good  brains  and  appreciate  accurate 
logic,  still  to  them  mathematics  is  a  thing  to  do  something  with,  and  that 
they  require  more  than  proofs  that  things  are  so,  the  knowledge  that  they 
may  be  used.  Do  not  concentrate  your  attention  upon  existence  theorems, 
.or  upon  the  question  of  the  convergence  of  series  to  the  exclusion  of 
what  I  may  call  the  probable  conditions  of  convergence.  On  this  point 
I  may  call  attention  to  the  views  of  Professor  Klein  in  his  last  book.  On 
the  Application  of  the  Calculus  to  Geometry,  and  to  his  remarks  on 
approximation-mathematics.  Of  course,  it  is  necessary  to  know  what 
uniform  convergence  is,  and  that  it  is  not  always  possible  to  differentiate 
or  integrate  a  series  term  by  term,  but  surely  the  instruction  should  lay 
more  force  on  "  thou  shalt  '*  than  on  **  thou  shalt  not." 

A  friend  of  mine  describes  the  effect  on  students  of  the  teaching  of 
one  of  his  ablest  colleagues,  by  saying  that  they  are  so  scared  that  they 
never  dare  to  integrate,  differentiate,  or  touch  an  infinite  series,  for  fear 
that  something  awful  may  happen.  How  different  is  this  from  the 
methods  of  Fourier,  Green,  Maxwell,  and  more  recently  of  Heaviside, 
who,  all  untrammeled  by  academical  restrictions,  proceeds  with  the  most 
extraordinary  facility  to  make  new  contributions  to  our  knowledge,  leav- 
ing to  other  less  original  minds  the  task  of  demonstrating  the  correctness 
of  his  methods. 

Let  no  one  say  that  it  is  impossible  to  steer  the  difficult  course  between 
the  Scylla  of  rigor  and  the  Charybdis  of  inaccuracy,  for  it  has  been  done 
by  excellent  professional  mathematicians  in  a  way  to  be  both  attractive 
and  profitable  to  the  physicist.  I  need  only  instance  the  admirable 
Analytisch-Funktiontheoretische  Vorlesungen  of  Fricke    (whose  Differ- 
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ential  Calculus  I  would  also  commend  in  the  same  breath  as  that  of 
Perry,  though  a  great  contrast  to  it)  and  in  the  Partielle  Differential- 
gleichungen  of  Weber,  whose  rewriting  of  Riemann*s  course  has  main- 
tained the  clearness  and  elegance  it  had,  while  adding  immensely  to  it  in 
variety.  A  course  on  these  two  books  would  constitute  a  liberal  education 
in  mathematics  for  the  physical  student,  practical  in  the  highest  degree. 
I  have  now  sketched  in  a  rough  way  what  I  think  we  can  do  for  the 
aspiring  physicist  in  the  way  of  providing  him  with  a  mathematical 
panoply,  and  that  without  preventing  him  from  spending  the  proper 
amount  of  time  in  the  laboratory  and  of  devoting  a  reasonable  amount  of 
time  to  the  study  of  English,  French  or  German,  or  even  Latin  and 
Greek.  Fifteen  hours  per  week  is  not  too  much  to  spend  in  the  class- 
room while  in  college,  and  I  believe  that  if  the  physical  or  mathematical 
student  divides  this  equally  between  physics,  mathematics  and  general 
culture,  he  will  be  safe.  To  those  who  demand  that  all  the  time  in  col- 
lege should  be  devoted  to  general  culture  and  none  to  preparation  for 
the  business  of  life,  I  have  only  to  say  that  they  do  not  understand  the 
exigencies  of  the  strenuous  life  of  scientific  research.  I  regret,  as  much 
as  they  do,  that  there  should  be  any  physicists  ignorant  of  Greek,  to  say 
nothing  of  Latin.  What  little  of  them  I  know  I  would  not  exchange  for 
any  number  of  definite  integrals,  or  even  milligrams  of  radium.  Culture 
and  the  love  of  the  beautiful  and  of  the  ideal  we  must  all  have  —  the  more 
the  better ;  but  let  it  be  understood  that  this  may  come  in  different  ways, 
and  that  we  cannot  all  read  the  same  books  or  think  the  same  thoughts. 
Let  not  the  poet,  the  musician  and  the  painter  set  themselves  over  against 
us,  however,  and  rail  at  us  as  devoted  to  the  material.  If  they  do  so, 
they  do  it  in  ignorancd,  and  let  us  not  antagonize  them,  for  we  strive  for 
the  same  ends.  Ours  is  as  idealistic  a  pursuit  as  that  of  the  poet,  and 
calls  for  as  much  imagination.  It  is  an  intellectual  joy  that  we  strive 
after,  which  nature  affords  to  us  as  well.  Is  the  sky  less  blue  to  us 
because  we  can  specify  its  wave  lengths,  or  because  we  know  that  its 
color  is  due  to  diffraction  by  small  particles  ?  Is  the  music  less  sweet 
because  we  can  resolve  its  motion  into  harmonics  and  develop  it  in  a 
series  of  normal  functions?  I  think  not.  It  seemed  to  me  particularly 
appropriate  to  see  a  fine  pipe-organ  in  the  drawing  room  of  a  great 
physicist,  equally  noted  for  his  mathematical  and  experimental  contribu- 
tions. Far  be  it  from  me  to  wish  to  substitute  for  Southey's  description 
of  * '  How  the  Water  Comes  Down  at  Lodore  * '  — 

*'  Thumping  and  plumping  and  bumping  and  jumping, 
And  dashing,  and  flashing,  and  splashing  and  clashing. 
And  so  never  ending,  but  always  descending, 
Sounds  and  motions  for  ever  and  ever  are  blending, 
All  and  at  once  and  all  o'er,  with  a  mighty  uproar  — 
And  this  way  the  water  comes  down  at  Lodore,"  — 
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the  statement  that  it  descends  with  a  uniform  acceleration  of  980  centi  - 
meters  per  second  per  second,  modified  by  the  effect  of  viscosity  and 
impact,  and  subject  to  the  equation  of  continuity,  that  the  vapor  tension 
about  drops  of  spray  is  larger  than  over  smooth  water,  and  that  the  region 
about  is  abnormally  defective  in  radioactivity.  Both  sorts  of  statement 
have  their  place,  and  both  appeal  to  the  imagination.  There  are  times 
when  fact  is  of  the  most  consequence ;  other  times  when  fancy.     The 

lines  of  Tennyson, 

"  Every  moment  dies  a  man, 
Every  moment  one  is  born,** 

are  surely  not  improved  by   Babbage's  suggested   emendation  in   the 

interest  of  accuracy, 

"  Every  moment  dies  a  man, 
And  one  and  a  sixteenth  is  bom." 

But  facts  lead  to  fancies,  and  in  the  quest  of  nature's  secrets,  we  are 
lifted  above  the  material  philistinism  of  every-day  life. 

May  the  Americal  Physical  Society,  and  the  American  Mathematical 
Society  ever  continue  their  ways,  like  twin  sisters,  hand  in  hand,  in 
pursuit  of  the  good,  the  true  and  the  beautiful. 
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The  Conduction  of  Electricity  in  Mercury  Vapor.* 

By  a.  p.  Will  . 

IF  X  represent  the  electromotive  intensity  in  volts  in  the  positive  col- 
umn of  a  tube  containing  saturated  mercury  vapor  carrying  a  current 
of  electricity,  then 

J^=/(/,  J,  Z>) 

wherein  1  represents  the  current  in  amperes,  J  the  vapor  pressure  in 
millimeters  of  mercury,  D  the  diameter  of  the  tube  in  centimeters.  An 
approximate  empirical  form  for  the  function  /  was  determined ;  also  the 
numerical  values  of  the  constants  involved  were  found.  This  was  accom  - 
plished  by  making  experiments  upon  tubes  of  different  diameters  (vary- 
ing from  1.25  cm.  to  5.08  cm.)  with  different  currents  (varying  from 
.5  of  an  ampere  to  3  amperes)  at  different  temperatures,  care  being  taken 
that  the  measurements  were  made  when  the  vapor  was  saturated.  Thus 
the  vapor  pressure  and  the  vapor  density  could  be  deduced.  Two 
thermo-couples  were  introduced  into  a  tube  about  midway  of  its  length 
at  a  distance  from  each  other  of  about  1 5  centimeters.  These  served  at 
once  as  a  means  of  determining  the  temperature  and  the  drop  in  poten- 
tial, the  latter  being  measured  by  a  Kelvin  electrostatic  voltmeter. 

It  was  found  that  for  a  constant  current  and  a  constant  diameter  the 
relation  between  -Yand  J  is  linear  up  to  a  certain  pressure  J^  while  for 
higher  values  of  the  pressure  the  relation  though  still  linear  is  represented 
by  a  line  of  lesser  slope.  The  pressure  J^  depends  upon  both  the  current 
and  the  diameter. 

The  approximate  form  found  for  /  is 

wherein  a,  3,  r,  and  a  are  constants  which  suddenly  change  in  value  when 
the  pressure  J^  is  reached  ;  the  numerical  values  of  the  constants  which 
do  not  change  appear  in  the  equation.  The  numerical  values  of  the  con- 
stants which  jump  in  value  are  : 

Below  Ao  Above  ^q 

a                   .055  .15 

b                    ,77S  .398 

c                  1.71  .122 

a                      .10  .37 
*  Abstract  of  a  paper  presented  at  the  meeting  of  the  Physical  Society  held  on  Feb- 
ruary 27,  1900. 
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It  was  difficult  to  determine  J^  as  a  function  of  the  current  and  the  diam- 
eter very  accurately  but  a  rough  approximation  is 

^  s/D 

wherein  A'=  4. 

The  main  part  of  the  discussion  was  with  reference  to  the  positive 
column.  But  the  matter  of  the  drop  in  potential  over  the  anode  and 
over  the  cathode  was  also  touched  upon.  The  potential  drop  over  both 
anode  and  cathode  depends  but  slightly  upon  the  current.  Over  the 
anode  the  drop  in  potential  is  about  7  volts  and  over  the  cathode  about 
5  volts.  Under  abnormal  conditions,  for  instance  when  the  anode  is 
covered  with  a  bluish,  velvety  haze  the  potential  *drop  over  it  may  rise  to 
15  volts  or  more. 

The  experiments  were  carried  out  in  the  laboratory  of  Dr.  Peter  Cooper 
Hewitt,  without  whose  collaboration  the  work  would  have  been  impossible. 


Preliminary  Measurement  of  the  Short  Wave-lengths 
Discovered  by  Schumann.* 

By  Theodore  Lyman. 

FOR  the  past  few  years  the  author  has  been  engaged  in  an  attempt  to 
measure  the  short  wave-length  discovered  by  Dr.   Victor  Schu- 
mann, but  it  is  only  recently  that  this  attempt  has  proved  successful. 

Working  in  an  atmosphere  of  hydrogen  with  a  concave  diffraction 
grating  ruled  upon  speculum  metal,  an  ** end-on'*  tube  filled  with 
hydrogen  gives  numerous  lines  below  the  aluminum  group  at  1854. 

o 

The  shortest  wave-length  so  far  observed  has  a  value  of  1178  Ang- 
strom units.     The  limit  of  error  is  two  units. 

It  is  interesting  to  note  that,  contrary  to  expectation,  speculum  metal 
is  able  to  reflect  these  very  short  wave-lengths  to  a  considerable  degree. 

This  is  but  a  preliminary  notice.  The  author  has  in  preparation  a 
complete  list  of  these  new  wave-lengths.  He  has  also  good  hopes  of  still 
further  extending  the  spectrum. 

It  is  the  author's  purpose  to  publish  a  detailed  account  of  the  investi- 
gation in  the  Proceedings  of  the  American  Academy,  and  perhaps  else- 
where. 

1  Abstract  of  a  paper  presented  at  a  meeting  of  the  Physical  Society  held  on  February 
27,  1904. 
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POTENTIAL   PHENOMENA    IN  VACUUM  TUBES  DUR- 
ING THE   PRODUCTION   AND   INTERRUPTION     • 
OF   ELECTRICAL   DISCHARGE. 

By  S.  N.  Taylor. 

WHEN  electrical  energy  is  passing  between  the  electrodes  of 
a  vacuum  tube  we  know  that  the  discharge  may  be  either 
direct  or  alternating,  continuous  or  disruptive  ;  but  not  very  much 
seems  to  be  known,  except  in  the  case  of  the  continuous  discharge, 
concerning  the  variations  in  potential  which  occur  in  any  of  these 
cases.  It  was  with  the  hope  that  something  more  might  be  learned 
regarding  this  question  that,  at  the  suggestion  of  Professor  E. 
Wiedemann,  I  began  the  investigations  described  in  this  paper.  The 
work  was  done  in  the  Physical  Laboratory  of  Erlangen  University 
and  I  have  to  thank  Professor  Wiedemann  for  many  valuable  sug- 
gestions made  during  the  continued  progress  of  the  work.  Professor 
Schmidt  and  Dr.  Wehnelt  also  have  given  valuable  assistance. 

Numerous  experiments  have  been  made  in  connection  with  the 
work,  but  this  paper  attempts  to  give  only  some  of  the  preliminary 
results  obtained.  More  complete  results  will  be  given  later  when 
other  tests  have  been  completed. 

General  Outline  of  the  Work. 
The  first  series  of  tests  were    made  by    calorimetric  methods. 
Judging  from  previous  results  obtained  by  other  investigators,  it 
was  thought  that,  if  the  anode  were  connected  to  earth,  the  aver- 
age fall  of  potential  at  the  cathode  for  either  continuous  or  dis- 
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ruptive  discharge  could  be  determined  from  the  total  heating  effect, 
using  the  well-known  equation  //  =  o.24i5'/.  In  the  course  of 
the  experiments,  however,  it  appeared  that  better  results  could  be 
obtained  by  means  of  the  Braun  tube,  and  after  making  simulta- 
neous determinations  by  the  two  mothods  the  heat  measurements 
were  for  the  time  being  discontinued. 

By  means  of  the  Braun  tu^e  we  were  not  only  able  to  deter- 
mine the  potential  difference  with  considerable  accuracy,  but  also 
to  observe  the  variations  of  potential  and  the  frequency  of  dis- 
charge. By  means  of  it  new  and  interesting  facts  were  found  out 
regarding  the  maximum  and  mininum  potential  of  disruptive  dis- 
charge ;  namely,  that  the  potential  rises  to  a  certain  maximum 
height  and  then  suddenly  falls  off  to  a  minimum  value,  but  never  to 
zero.  Both  the  maximum  and  minimum  values  for  any  tube  depend 
upon  the  particular  conditions  under  which  the  tube  is  tested. 

In  connection  with  the  work,  a  method  was  found  by  which 
the  Braun  tube  can  be  conveniently  used  to  measure  high  poten- 
tials, say  of  i,ooo  or  1,200  volts,  where  the  fluctuations  are  not 
too  great.  When  the  limits  of  variation  are  great,  however,  say 
500  volts  or  more,  the  problem  becomes  more  difficult ;  but  a  new 
method  is  given  below  which  overcomes  those  difficulties  quite  sat- 
isfactorily. 

The  measurements  show  that  the  manner  in  which  the  potential 
develops  and  falls  off  is  very  largely  affected  by  the  capacity  of  the 
circuit. 

Tests  were  also  made  to  ascertain  the  effect  upon  the  potential 
produced  by  reversing  the  direction  of  the  current  or  by  interchang- 
ing the  electrodes,  which  show  why  certain  results  obtained  by 
other  investigators  are  in  disagreement  with  one  another. 

I.  Apparatus. 

The  apparatus  used  in  these  tests  included  a  storage  battery  of 
1,120  cells,  a  twenty  plate  influence  machine  driven  by  a  Schmidt 
water  motor,  a  single  plate  influence  machine  driven  by  an  electric 
motor,  two  Sprengle  pumps,  McLeod  pressure  gauge,  a  Wiede- 
mann galvanometer,  with  rubber  insulated  coils,  having  a  constant  of 
38  X  I O"^  amperes  per  centimeter,  two  telescopes,  a  rotating  mirror. 
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sensitive  thermometers,  two  Kohlrausch  condensers,  an  electric 
tuning  fork,  two  static  voltmeters  reading  to  10,000  volts,  a  Kelvin 
multicellular  voltmeter,  a  telephone  receiver,  and  vacuum  tubes  of 
various  forms.  In  addition  to  these  the  parts  which  call  for  special 
description  are  as  follows  : 

(a)  Cup  Calorimeter,  —  Fig.  I  shows  a  simple  form  of  calorimeter 
discharge  tube.  A  denotes  a  vacuum  tube  about  22  mm. 
long  and  about  1 3  mm.  in  diameter,  surrounded  by  a  glass 
calorimeter  vessel  B  into  which  a  liquid  is  placed.  Both 
parts  are  made  as  small  and  light  as  possible  so  that  the 
changes  in  temperature  produced  by  the  passage  of  the 
electrical  discharge  through  A  will  be  as  great  as  possible. 
The  water  equivalent  of  the  whole  apparatus  including  the 
thermometer  and  6  cubic  cm.  of  terpentine,  was  found 
to  be  8.03  by  careful  measurement. 

(b)  Apparatus  D  as  shown  in  Fig.  2  is 
a  form  of  the  Bunsen  calorimeter  as  modi- 
fied to  meet  the  requirements  of  these  in- 
vestigations. It  is  all  made -of  glass  and 
all  the  joints  are  fused,  except  WW  where 
the  aluminium  electrodes  GG  are  sealed  in 
with  wax.  The  vacuum  tube  A  is  enclosed 
by  an  outer  vessel  BC  of  which  the  upper 
part  BB  is  filled  with  benzol  and  the  lower 
part  CC  is  filled  with  mercury  all  air  being 
carefully  removed.  M  and  N  are  ground 
glass  stopcocks  and  £  is  a  tube  which  is 
convenient  for  introducing  the  liquids  into 
the  outer  vessel.  When  BC  has  been  filled 
with  benzol  and  mercury,  N  is  closed  and 
M  '\s  opened.  Then  when  the  electric  dis- 
charges are  developed  in  A^  the  benzol  becoming  warmed  expands 
and  causes  the  mercury  to  rise  in  the  capillary  tube  DD.  The 
bore  of  DD  being  less  than  a  millimeter  in  diameter,  a  very  slight 
change  in  the  temperature  of  the  benzol  produces  a  large  variation 
in  the  length  of  the  mercury  column.  A  millimeter  scale  being 
placed  directly  behind  the  mercury  column,  the  length  of  the  col- 
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Fig.  3. 


umn  can  be  read  to  a  tenth  of  a  millimeter  by  means  of  a  telescope 
placed  some  distance  away. 

{c)  The   Braun   tube    as   used   in  these 

Ci'i-i'H'i'iM«M  measurements  is  the  form  adopted  by  Dr. 

c  J       A.  Wehnelt  (Verhandlungen  der  Deutschen 

~^^  Physikalischen  Gesellschaft,  January,  1903) 

for  potential  comparisons,  the  potential 
plates  being  inside  the  glass  tube.  The 
form  is  represented  in  Fig.  3  where  PQ  is  a 
glass  tube  53  cm.  long  and  3  cm.  in  diam- 
eter fused  to  a  larger  cylinder  QD  22  cm. 
and  8  cm.  in  diameter.  5  is  a  fluorescent 
screen  fastened  to  the  walls  of  the  large 
tube  by  means  of  glass  plugs.  The  cathode 
k  consists  of  an  aluminium  disc  1.5  cm.  in  diameter  located  at  the 
extreme  end  of  the  small  tube  as  far  from  5  as  possible.  The 
anode  G  is  situated  in  a  short  side  tube  which  projects  perpendicu- 
larly from  PQ  about  1 5  cm.  from  the  end  P, 

The  potential  terminals  a  and  /?  are  flat  plates  of  aluminium  8  cm. 
long  and  about  2  cm.  wide.  To  the  center  of  each  of  these  is 
riveted  a  thick  aluminium  wire  which,  passing  through  the  walls  of 
the  tube,  is  firmly  attached  to  the  glass.  The  plates  are  thus  held 
rigidly  in  position  2  cm.  apart  and  parallel  to  the  axis  of  the  tube. 
Electrical  contact  is  made  with  them  by  means  of  platinum  wires 
sealed  in  the  glass.  At  each  end  of  these  plates  is  a  mica  diaphragm 
7n  and  n  fitted  closely  to  the  inner  wall  of  the  cylinder.  The  dia- 
phragm m  has  an  opening  at  its  center  only  i  mm.  in  diameter  but 
the  opening  in  the  diaphragm  ;/  is  some  twenty  millimeters  in  di- 
ameter. The  purpose  of  these  diaphragms  is  to  intercept  all  un- 
necessary cathode  rays.  The  bundle  of  rays  which  enters  between 
the  plates  is  only  one  millimeter  in  diameter,  and  that  will  be  the 
size  of  the  bright  spot  produced  by  it  upon  the  fluorescent  screen. 
Thus  when  a  sufficiently  high  vacuum  has  been  produced  within 
the  tube,  and  some  8,000  or  10,000  volts  have  been  developed  be- 
tween the  electrodes,  a  small  greenish  bright  spot  will  be  seen  upon 
the  screen  5  and  its  position  thereon  can  be  accurately  read  by  a 
suitable  scale.     If,  however,  there  is  a  difference  of  potential  between 
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the  plates  a  and  b  the  cathode  ray  will  be  deflected  ;  the  displace- 
ment of  the  spot  upon  the  screen  will  be  proportional  to  the  poten- 
tial difference,  and  affords  a  method  of  potential  measurement 

id)  For  measuring  the  displacement  of  the  fluorescent  spot  upon 
the  screen  the  method  used  was  as  follows  :  A  telescope  was  placed 
in  convenient  position  some  2  meters  away  from  the  Braun  tube 
and  focused  upon  the  screen  5.  At  the  left  of  the  telescope  and  at 
a  distance  from  it  equal  to  that  between  the  telescope  and  the 
screen,  was  placed  a  millimeter  scale  made  of  thick  plate  glass  upon 
which  the  divisions  and  numbers  had  been  cut  by  means  of  a  dia- 
mond. One  end  of  the  scale  was  fitted  tightly  into  an  opening 
made  into  an  opaque  box.  Inside  of  the  box  was  placed  a  lighted 
glow  lamp,  and  the  only  light  transmitted  from  the  box  was  made 
to  pass  through  the  opening  into  which  the  scale  was  fitted.  The 
light  which  was  thus  emitted  passed  through  the  entire  length  of 
the  glass  plate  and  being' totally  reflected  internally  by  the  polished 
walls  of  the  glass,  nothing  of  the  scale  could  be  seen  in  a  dark  room, 


Fig.  4. 

except  the  division  marks  and  numbers  which  stood  out  as  so  many 
bright  lines.  With  proper  adjustment  this  scale  could  be  read  very 
distinctly  several  meters  away.  By  means  of  a  mirror  obliquely 
placed  the  image  of  this  illuminated  scale  was  reflected  into  the 
telescope  in  such  a  way  that  the  spot  on  the  screen  5  which  could 
be  seen  at  the  same  time  through  the  telescope  appeared  to  be  lo- 
cated upon  the  illuminated  scale.  Thus  the  position  of  the  fluo- 
rescent spot  could  be  read  at  any  time,  and  any  change  in  its  posi- 
tion or  displacement  of  the  spot  could  be  thus  read  in  millimeters. 
(e)  Discharge  Tubes,  —  To  test  the  effect  produced  by  having  the 
discharge  take  place  under  different  conditions  various  discharge 
tubes  were  used,  some  of  which  are  represented  in  Fig.  4.  The 
tubes  E,  F  zxiA  //^  were  connected  to  the  vacuum  pump  at  the  same 
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time  so  that  the  vacuum  condition  would  be  the  same  in  all  of  them 
and  the  difference  in  the  discharge  phenomena  obtained  from  them, 
if  any,  would  be  due  simply  to  the  different  forms  or  dimensions  of 
the  tubes.     The  dimensions  of  these  tubes  are  as  follows : 


Tube. 

E                       F           '             H 

Diameter, 

Length, 

Distance  between  Electrodes, 

3  cm.                4  cm.               4.5  cm. 
32                    21                   65 
1.5                  14                    Variable. 

In  tube  H  the  electrodes  are  aluminium  with  the  exception  of 
the  portion  which  connects  ^  to  ^  which  is  a  fine  copper  wire  wound 
in  a  spiral,  while  the  portion  b  is  iron  and  attached  rigidly  to  c.  If 
a  strong  electromagnet  is  applied  to  the  outside  of  the  tube  the 
position  of  be  can  be  changed  at  pleasure  and  the  distance  between 
c  and  d  can  be  made  any  desired  magnitude. 

II.    Method  .of   Determining  the   Mean    Potential 
Difference  by  Calorimetric  Methods. 

If  the  total  heat  developed  in  the  discharge  tube  can  be  meas- 
ured then  //"=  0.24^/and  knowing  the  current  /we  can  calculate 
the  mean  potential  E,  All  heat  measurements  were  made  with  the 
apparatus  surrounded  by  a  water  jacket  kept  at  constant  tempera- 
ture. In  addition  to  this  precaution,  corrections  were  always  made 
for  radiation  by  observing  the  rate  of  gain  or  loss  in  temperature 
for  the  five  minutes  immediately  before  the  current  was  turned  on, 
and  for  the  five  minutes  immediately  after  it  was  turned  off.  The 
current  was  always  passed  through  the  tube  for  ten  minutes  and  a 
mean  correction  for  the  radiation  was  thus  calculated. 

The  first  heat  measurements  were  made  by  the  simple  cup 
calorimeter  of  Fig.  I.  In  these  the  changes  in  temperature  were 
measured  directly  by  sensitive  thermometers  which  were  read  ac- 
curately to  tenths  of  a  degree  and  estimated  to  hundredths  of  a 
degree  by  means  of  a  telescope.  The  current  which,  passing 
through  the  tube,  cause  the  rise  in  temperature,  was  measured  by 
the  Wiedemann  galvanometer  with  rubber  insulated  coils,  the  con- 
stant of  the  instrument  being  38  x  lO"^  per  centimeter  deflection. 
The  potential  as  derived  from  these  measurements  however,  was 
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very  much  less  than  expected  and  led  us  to  look  for  a  more  sensi- 
tive method.  Accordingly,  to  meet  this  requirement  the  calorim- 
eter which  we  have  called  apparatus  D  was  constructed  as  in  Fig. 
2  which  proved  to  be  very  sensitive  and  gave  better  results.  To 
obtain  the  best  results  the  readings  were  taken  in  a  room  of  nearly 
constant  temperature  and  the  apparatus  was  surrounded  by  a  con- 
stant temperature  water  jacket,  corrections  for  radiation  being  made 
here  as  in  the  previous  case. 

To  calibrate  the  apparatus  a  continuous  current  of  measured  in- 
tensity and  potential  was  discharged  for  a  known  length  of  time 
through  the  tube.  Thus  a  known  quantity  of  heat  was  developed 
within  the  tube  and  the  rise  of  the  mercury  column  produced  by  it 
was  carefully  measured.  After  correcting  for  radiation,  it  was 
found  that  a  rise  of  one  millimeter  of  the  mercury  column  corre- 
sponded to  0.2049  calories  of  heat  developed  in  the  tube,  or  in 
other  words  the  constant  of  apparatus  D  was  0.2049  calories  per 
millimeter.  A  number  of  calibrations  of  this  kind  gave  results 
which  differed  only  very  slightly  in  the  third  significant  figure. 
Some  of  these  measurements  are  given  in  Table  I.  together  with 
the  potential  measurements  taken  simultaneously  by  means  of  the 
Braun  tube.     As  in  this  case  the  heat  in  the  tube  was  developed 

Table  I. 

Calibration  of  Apparatus  Z?,  by  means  of  continuous  dis-  harj^ey  together  with  simulta- 
neous potential  determinations  made  by  means  of  the  Braun  Tube. 


Potential  Determinations  by  Means  of  the 
Braun  Tube. 


Heat  Determinations.    Calibration  of 
Apparatus  D. 


o 
Z 


Position  of  Fluorescent 
Spot. 


^5 


For  Unknown      For  Known 
Potentials.      Std.  Potentials. 


Potential 
Derived. 


1  X  >  C 


l>|5^'3p5gS2?5|3R^o 


Max.  I 

X 

5.3    I 
5.9    ' 


Min. 

>' 

T.r 

5.3 

5.9 


/ '=480. 9—340. 

a  b 


6.1 
6.2 
7.0 


4.6 
4.8 
5.3 


Max. 

X 

320 
326 
325 


Min. 

y 


Volts    Amps. 


Total      Total 
Cal.  Q  Rise,  h 


320 

317 

326 

325 

325 

325 

.000509  23.22  I  11.34 
.000777  36.37  |  17.70 
.000771  36.101  17.65 


(?0 


2.047 
2.055 
2.045 


Average  Qq  =  2.049 


by  a  continuous  discharge  in  one  direction,  only  one  potential  dif- 
ference would  exist  between  the  electrodes  and  therefore  only  one 
potential  value  is  given  by  the  Braun  tube. 
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III.    Method  of  Determining  the  Limits  of  Potential 
Difference  by  Means  of  the  Braun  Tube. 

At  the  same  time  that  the  heat  method  was  being  perfected,  tests 
were  also  being  made  by  means  of  the  Braun  tube  which  proved  to 
be  the  better  method  for  present  purposes.  The  method  was  as 
follows : 

Potential  leads  connected  the  electrodes  AB,  Fig.  3,  of  the  dis- 
charge tubes  to  the  potential  plates  Ab  of  the  Braun  tube,  then 
whenever  there  was  a  difference  of  the  potential  between  A  and  B 
the  same  potential  difference  existed  at  ab,  and  caused  a  displace- 
ment of  the  fluorescent  spot  upon  the  screen  5.  Moreover  the  dis- 
placement was  proportional  to  the  potential  difference  and  when 
read  off  on  the  illuminated  scale  which  has  been  described,  it 
afforded  a  means  of  measuring  the  potential.  The  potential  of  a 
constant  discharge  between  A  and  B  is  constant,  and  the  round 
fluorescent  spot  accordingly  remains  steady  upon  the  screen  at 
whatever  point  the  constant  potential  difference  places  it.  The 
varying  potentials  of  a  disruptive  discharge  cause  rapid  oscillations 
of  the  spot,  which  produces  a  thin,  bright,  fluorescent  line  upon  the 
screen  varying  in  length  according  to  the  potential  variations  at 
AB.  A  constant  potential  of  two  or  three  hundred  volts  or  more 
at  AB  may  cause  the  spot  to  disappear.  The  reason  for  this  is  that 
the  applied  potential  bends  the  cathode  rays  so  much  that  they  no 
longer  fall  upon  the  screen.  The  spot  or  line  can  be  brought  back 
again,  however,  in  a  very  simple  manner  by  means  of  the  electro- 
magnets placed  opposite  the  plates.  The  magnets  should  be  so 
located  that  their  magnetic  lines  of  force  are  perpendicular  to  the 
axis  of  the  Braun  tube  and  parallel  to  the  plates.  Increasing  the 
strength  of  the  magnetic  field  decreases  the  whole  deflection  of  the 
cathode  ray  proportionally  and  thus  brings  the  spot  upon  the 
screen.  If  the  field  thus  produced  is  uniform  and  constant,  the 
displacement  of  the  spot  will  still  be  proportional  to  the  potential 
difference  between  the  plates,  though  the  displacement  will  be  less 
than  before.  The  deflections  produced  by  the  potential  differences, 
as  thus  affected  by  the  magnetic  field,  can  now  be  calibrated  by 
direct  comparison  with  known  potentials  in  the  following  way.    The 
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connections  given  in  Fig.  3  show  the  method  of  calibration  used  in 
these  measurements.  An  upward  throw  of  the  transfer  switch  T^ 
places  the  plates  ab  of  the  Braun  tube  in  connection  with  the  elec- 
trodes AB  of  the  discharge  tube.  A  downward  throw  places  ab  in 
connection  with  the  terminals  of  storage  battery  S^,  While  this  is 
down,  changing  the  position  of  the  transfer  switch  T^  places  upon 
the  plates  ab  either  of  any  two  standard  voltages  of  battery  S^  which 
may  be  chosen  for  purposes  of  calibration.  The  best  results  were 
obtained  when,  for  this  purpose,  standard  voltages  were  selected 
which  coincided  as  nearly  as  possible  with  the  unknown  limits  to 
be  measured.  Moreover,  the  deflection  should  be  calibrated  for 
each  observation  at  the  instant  that  the  observation  is  made,  for 
the  length  and  position  of  the  fluorescent  line  varies  instantly 
with  any  slight  change  in  the  vacuum  conditions  of  the  Braun 
tube.  By  means  of  the  telescope,  the  limits  of  the  fluorescent 
line  or  the  position  of  the  spot,  was  read  upon  the  luminous 
scale,  first  with  the  Braun  tube  connected  to  the  terminals  AB, 
then  to  a  known  high  voltage  and  immediately  afterward  to  a 
known  low  voltage  of  battery  S^,  these  adjustments  being  rapidly 
made  by  the  transfer  switches  T^  and  7^.  Having  thus  obtained  the 
readings  for  the  two  known  voltages  we  can  calculate  the  unknown 
voltages  corresponding  to  the  other  points  read  upon  the  screen  at 
that  time.  The  maximum  and  mininum  voltages  for  any  oscillation 
of  the  spot  of  course  will  be  the  points  represented  by  the  upper 
and  lower  ends  of  the  fluorescent  line.  Thus  if  x  and  y  are  the 
readings  upon  the  scale  corresponding  to  the  upper  and  lower  ends 
of  the  fluorescent  line,  as  produced  by  the  various  potentials  to  be 
measured,  and  if  a  and  b  denote  the  two  points  upon  the  scale  corre- 
sponding to  the  two  known  calibration  voltages,  Fand  v,  then  the 
unknown  voltages  X  and  Y  corresponding  to  the  two  readings  x 
and  y  will  be 

and 


This  magnetic  method  of  diminishing  the  fluorescent  displacc- 
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ment  does  not  apply  for  the  measurements  of  potential  variations 
which  exceed  the  limits  of  the  fluorescent  screen.  Thus  for 
example,  by  means  of  this  method  I  could  measure  the  potential 
difference  between  750  and  9CX)  volts,  but  could  not  measure  the 
difference  between  300  and  9CX).  For  if  the  magnetic  field  were 
made  strong  enough  to  bring  the  deflection  corresponding  to  900 
volts  down  upon  the  screen,  then  that  corresponding  to  300  volts 
would  fall  below  it.. 

For  the  measurements  of  wide  variations  of  potential  of  this  kind 
the  following  method  of  diminishing  the 
fluorescent  displacement  was  employed  suc- 
cessfully. Two  equal  condensers  CD  and 
GH  having  movable  plates  were  placed  in 
series  with  the  potential  plates  ab  of  the 
Braun  tube,  as  indicated  in  Fig.  5.  Only 
a  fraction  of  the  total  potential  then  fell 
upon  the  plates  ab  and  by  adjusting  the  dis- 
tances between  the  plates  of  the  condensers 
the  fluorescent  displacement  could  be  made 
as  small  as  desired.  Since  a  constant  poten- 
tial applied  to  the  condensor  plates  C  and 
H  only  produced  an  instantaneous  effect 
upon  the  fluorescent  spot,  and  since  alternating  current  could 
not  be  used,  the  only  direct  method  of  calibration  vfas  that  of 
rapidly  interchanged  applications  of  different  positive  potentials. 
Fig.  5  shows  the  connections  as  applied  for  this  purpose.  F 
represents  an  electro-tuning  fork,  making  100  vibrations  a  sec- 
ond and  mnop  represent  mercury  contacts  to  which  the  terminals 
of  the  storage  battery  S^  were  connected.  When  the  transfer 
switch  TJ  was  thrown  downward,  the  condenser  plates  C  and  H 
were  connected  to  the  storage  battery  S^  through  the  mercury  con- 
tacts of  the  tuning  fork.  When  the  tines  of  the  fork  approached 
each  other,  the  circuit  was  opened  at  op  and  closed  at  vin 
and  there  was  a  difference  of  potential  of  say  800  volts  between 
the  plates  C  and  H,  but  when  the  tines  of  the  fork  separated  the 
circuit  was  broken  at  mn  and  closed  at  op,  and  there  was  a  differ- 
ence   of  potential    of  say   400  volts    between    C  and   H,     Thus 
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two  known  positive  potentials  were  interchanged  between  the  plates 
C  and  H  260  times  each  second  and  a  known  variation  of  potentia- 
was  maintained  between  the  condensor  plates  by  means  of  the  stor- 
age battery  and  tuning  fork  with  which  to  compare  the  unknown 
differences  of  potential  produced  by  the  glow  tube.  Hence  the  in- 
terchanging known  potentials  as  thus  employed  for  calibration  pur- 
poses were  applied  to  the  plates  very  much  as  they  occurred  in 
actual  practice  when  coming  from  the  discharge  tube,  and  they  pro- 
duced a  very  definite  line  on  the  screen  5,  the  maximum  and  min- 
imum of  which  could  be  read  very  distinctly  on  the  scale.  The 
calibration  curve  given  in  Fig.  6  shows  the  variations  of  potential 
as  they  actually  existed  when  the  connections  to  the  battery  were 
made  to  the  tuning  fork  in  this  manner, 
the  potential  development  thus  obtained 
being  very  different  in  character  from  those  ^* 

obtained  from  the  discharge  tube.  By  means  of  the  tuning  fork 
the  condenser  method  can  be  applied  to  the  Braun  tube  for  all  in- 
terrupted discharges  of  one  direction.  It  can  be  applied  without 
the  tuning  fork  to  all  discharges  of  alternating  directions. 

IV.    Method   of   Observing   the   Discharge   Frequency  and 

THE  Successive  Stages  Through  which  the  Potential 

Passes  in  the  Progress  of  Each  Discharge. 

The  measurements  taken  by  means  of  the  Braun  tube  and  tele- 
scope as  previously  described  determine  simply  the  limits  of 
potential  differences.  If,  however,  the  fluorescent  images  on  the 
screen  F  be  observed  by  means  of  a  rotating  mirror,  the  lines  will 
appear  as  curves,  or  waves,  as  seen  in  the  charts.  In  most  cases 
the  complete  wave  is  not  visible,  for  only  the  rising  portion  and 
crest  can  be  seen,  while  the  falling  portion  is  invisible.  Each  crest 
denotes  a  single  charge  and  the  number  of  these  seen  per  second 
determines  the  frequency  of  discharge. 

Moreover  the  form  of  the  rising  portion  that  is  visible  shows 
the  various  stages  through  which  the  potential  passes  from  the  be- 
ginning of  each  charge  formation  until  the  accumulated  charge  is 
discharged  between  the  electrodes.  For  the  elevation  of  the  spot 
upon  the  screen  at  any  instant  measures  the  potential,  and  the  hori- 
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zontal  projection  of  the  line,  taken  in  connection  with  the  speed  of 
the  mirror,  measures  the  duration  of  time  required  for  ^ach  charge 
to  accumulate. 

Each  complete  period  then  may  be  considered  as  consisting  of 
two  distinct  intervals,  viz.  that  of  charge  accumulation,  in  which 
there  seems  to  be  no  transmission  of  electricity  between  the  elec- 
trodes, but  in  which  the  potential  rises  from  minimum  to  maximum 
and  the  tube  becomes  charged  ;  and  that  of  charge  transmission,  in 
which  the  potential  falls  suddenly  from  maximum  to  minimum  and 
the  accumulated  charge  passes  between  the  electrodes.  This  latter 
we  may  call  the  true  discharge^  and  the  mean  rate  at  which  the 
transmission  takes  place  during  this  latter  interval  we  have  called 
the  true  current  intemity.  The  true  discharge  takes  place  so  rapidly 
that  in  most  cases  it  leaves  no  line  of  light  upon  the  mirror  owing 
to  the  insufficiency  of  light,  and  the  duration  of  the  interval  is  de- 
noted by  a  break  in  the  visible  line.  The  line,  if  seen  during  the 
true  discharge,  would  differ  but  slightly  from  a  vertical  line.  In  a 
few  cases  such  a  line  was  actually  visible  faintly  connecting  the 
maximum  to  the  minimum  potential. 

By  means  of  this  method,  therefore,  it  is  not  usually  possible  to 
trace  the  potential  variations  which  occur  during  the  true  discharge, 
but  they  can  be  plainly  seen  during  the  charge  accumulation.  It 
is  also  possible  to  determine  with  considerable  accuracy  both  the 
frequency  of  discharge  and  the  time  required  for  the  charge  trans- 
mission, as  well  as  to  calculate  the  true  current  intensity. 

Various  conditions  which  affect  the  charge  and  disch^irge  phe- 
nomena were  examined  at  this  time. 

V.    Description  of  Tests  Made  and  Results  Obtained. 

{a)  Simultaneous  Measurements  of  Potential  by  Means  of 
Calorimeter  and  Braun  Tube. 

Table  II.  gives  the  results  of  potential  measurements  of  disrup- 
tive discharge  made  simultaneously  by  means  of  the  calorimeter 
(apparatus  D)  and  the  Braun  tube.  The  object  of  this  series  was 
to  ascertain  whether  the  results  obtained  by  one  method  would 
agree  with  those  obtained  by  the  other,  when  applied  to  disrup- 
tive discharges.     The  potential   measured  was  that  produced  by 
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the  discharge  between  the  electrodes  of  apparatus  D,  the  vacuum 
being  varied  as  indicated  in  the  table.  Column  3  of  the  table  gives 
the  mean  voltage  as  determined  by  heat  measurements,  column  4 
gives  the  corresponding  potential  as  measured  directly  by  means  of 
the  Kelvin  multicellular  voltmeter,  and  columns  5  and  6  give  re- 
spectively the  maximum  and  minimum  voltage  as  obtained  by  the 
Braun  tube  measurements,  while  column  7  is  the  numerical  mean 
of  5  and  6. 

It  will  be  seen  from  this  that  the  potentials  obtained  by  the 
calorimeter  method  are  very  nearly  the  same  as  those  obtained  by  the 
Kelvin  voltmeter.     The  differences  may  be  accounted  for  perhaps, 


Table  II. 

Potential  of  Disruptive-  Discharge ^  as  Determined  Simultaneously  by  Means  of 
Calorimeter  and  Braun  Tube, 
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by  errors  in  measurement.  They  also  lie  between  the  maximum 
and  minimum  values  obtained  by  the  Braun  tube,  as  would  natur- 
ally be  expected,  but  they  are  much  larger  than  the  numerical 
mean  given  in  column  7.  So  great  a  difference  as  this  cannot  be 
attributed  to  errors  of  measurement,  especially  since  the  difference 
is  always  in  the  same  direction.  It  may  be  remarked,  however, 
that  according  to  the  potential  curves,  given  later,  the  numerical 
mean  of  the  maximum  and  minimum  would  probably  be  less  than 
the  actual  mean.  But  the  most  important  point  to  be  noticed  in 
these  results  is  the  fact  that  the  potential  never  even  approaches 
zero,  but  falls  to  a  minimum  only,  which  remains  constant  for  the 
particular  condition  under  which  the  test  is  made.  The  conditions 
of  test  seem  to  affect  both  the  minimum  and  maximum  potentials. 
This  is  referred  to  again  later.     The  Braun  tube  method  made  it 
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possible  to  examine  the  phenomena  in  tubes  of  many  forms  and 
under  many  conditions  which  would  not  have  been  possible  by 
means  of  the  calorimetric  method.  Having  reason  for  believing 
that  the  character  of  discharge  was  not  the  same  for  all  tubes  nor 
the  same  for  any  one  tube  under  all  different  conditions,  we  made 
tests  on  various  kinds  of  tubes,  some  of  which  are  represented  in 
Fig.  4,  and  varied  the  conditions  for  each  different  tube. 

[b)  To  Test  the  Effect  Produced  by  Changes  in  Resistance  and 
Air  Pressure, 

Chart  I.  gives  the  results  of  a  characteristic  series  of  tests  made 
upon  discharge  tube  E  for  the  purpose.  The  connections  are  rep- 
resented in  Fig.  3.  The  discharge  was  produced  by  a  current  from 
storage  battery  5j  of  1,040  volts.  A  liquid  rheostat  R  of  very 
high  resistance  was  placed  in  scries  with  a  tube  AB ;  experi- 
ments proved  that  by  varying  the  amount  of  this  resistance  the 
character  of  the  discharge  could  be  entirely  changed.  With  a  small 
resistance  the  discharge  was  always  continuous  and  the  image  upon 
the  fluorescent  screen  was  a  small  round  spot  fixed  in  its  position. 
For  such  conditions  the  curve  in  the  mirror  was  seen  to  be  a  hori- 
zontal straight  line  at  some  definite  constant  potential,  as  repre- 
sented in  Chart  I.,  tests  number  i,  7,  8,  14  and  19.  With  a  large 
resistance,  however,  the  discharge  became  disruptive  and  the  fluores- 
cent image  upon  the  screen  was  a  thin  vertical  line  varying  in  length 
according  to  the  difference  between  the  maximum  and  minimum 
potentials  in  the  glow  tube.  Tests  3  to  6  are  good  examples  of 
this.  Accordingly  tests  were  made  with  various  resistances  while 
the  pressure  was  kept  constant  as  shown  in  tests  i  to  8  inclusive. 
Then  with  a  different  air  pressure  the  tests  were  repeated  with  the 
same  series  of  resistances  as  nearly  as  possible,  (see  tests  7  to  1 3  in- 
clusive). This  was  repeated  for  a  number  of  different  air  pressures. 
In  every  case  the  potential  measurements  were  first  made  and  im- 
mediately afterward  the  curves  were  observed  in  the  rotating  mirror. 
In  this  way  the  potential  limits  were  determined  and  the  character 
of  the  discharge  was  plainly  seen  as  to  whether  it  was  continuous 
or  disruptive,  and  if  disruptive,  how  great  was  the  frequency  and 
what  stages  of  development  the  potential  passed  through  at  every 
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discharge.  The  mirror  was  rotated  as  nearly  as  possible  with  uni- 
form speed  so  that  the  relative  frequency  in  the  various  tests  was 
approximately  seen.  In  the  charts  each  horizontal  space  (except 
the  one  at  the  top)  which  we  have  called  a  horizontal  "  row  '*  is  de- 
voted to  a  single  test,  and  the  test  to  which  it  is  devoted  is  indi- 
cated by  the  numeral  at  the  left  The  vertical  spaces  we  have 
called  "columns*'  and  each  column  is  devoted  to  some  particular 
phase  of  each  respective  test.  The  horizontal  row  at  the  top  of  the 
page  tells  what  particular  phase  of  the  test  each  column  is  devoted 
to.  Thus  in  Chart  I.,  column  number  i  tells  the  number  of  the  test 
to  which  each  row  is  devoted,  and  column  number  5  gives  the  maxi- 
mum and  minimum  potential  obtained  in  each  test,  while  column 
number  6  represents  the  potential  curves  for  that  test.  Thus  column 
number  5  shows  that  the  curves  of  column  number  6,  test  number 
3,  begin  at  a  minimum  of  270  volts  and  rise  to  a  maximum  of  488 
volts,  and  the  form  of  the  curves  in  column  number  6  shows  the 
stages  through  which  the  potential  passes.  The  curves  are  drawn 
on  a  scale  which  is  common  to  all  tests,  the  ordinates  denoting  po- 
tential and  the  abcissas  denoting  time.  For  want  of  space  the  po- 
tential from  zero  to  200  volts  has  been  omitted  from  the  charts, 
since  in  the  tests  the  minimum  potential  was  never  found  to  fall 
below  200  volts.  The  bottom  ordinate  in  each  test -chart,  there- 
fore, denoted  200  volts,  while  the  top  one  represents  700  volts. 
As  nearly  as  possible  the  curves  in  each  row  represent  the  discharge 
lines  as  actually  seen  in  the  mirror  both  in  form  and  relative  fre- 
quency. The  numbers  in  column  number  5  then  denote  the  upper 
and  lower  potential  limits  as  measured  by  the  curves  in  the  same 
horizontal  row  in  column  number  6  and  the  number  of  lines  drawn 
in  the  row  in  column  number  6  denotes  the  relative  frequency  of  dis- 
charge for  that  test,  the  mirror  being  kept  as  nearly  constant  as 
possible  throughout. 

Among  the  things  learned  from  the  experiments  represented  in 
Chart  I.  in  which  the  resistance  in  the  external  circuit  was  varied, 
while  other  conditions  remained  unchanged,  was  the  fact  that  a 
change  in  external  resistance  will  change  the  character  of  discharge 
from  continuous  to  disruptive  or  vice  versa  and  also  that  there  is 
one  point  where  the  resistance  can  be  such  that  the  discharge  will 
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fluctuate  spontaneously  from  continuous  to  disruptive  or  znce  versa 
without  any  external  change  in  resistance ;  this  may  be  called  the 
critical  point  and  is  apparently  the  only  condition  that  can  be  repro- 
duced from  time  to  time  with  approximate  certainty. 

{c)  To  Test  the  Effect  Produced  by  Changes  in  the  Capacity  of  the 
Circuit  at  Various  Air  Pressures. 

Having  reasons  to  believe  that  the  character  of  discharge  was 
altered  by  changes  in  capacity,  experiments  were  made  to  test  the 
supposition.  For  this  purpose  tube  F,  Fig.  4,  was  used  in  the  same 
manner  as  E  was  used  in  the  preceding  experiments,  except  that  the 
plates  of  a  Kohlrausch  condenser  were  connected  to  the  electrodes 
of  the  tube  by  means  of  a  switch  in  such  a  way  that  they  could  be 
connected  or  disconnected,  quickly,  at  pleasure,  without  changing 
the  speed  of  the  rotating  mirror.  The  tests  were  made  at  the  criti- 
cal point  That  is  while  the  charge  was  continuous  and  the  con- 
denser was  disconnected  (out),  the  external  resistance  was  gradually 
increased  until  the  critical  point  was  reached  and  the  measurements 
made,  then  the  measurements  were  repeated  with  the  condenser 
connected  (in),  the  speed  of  the  mirror  being  kept  constant  The 
change  in  potential  was  easily  determined  and  the  character  of  the 
curves  observed.     Characteristic  results  are  given  in  Chart  II. 

{d)  Changes  in  Capacity  and  Distance  Between  the  Electrodes. 

To  test  the  effect  of  variations  in  capacity  and  distance  between  the 
electrodes,  measurements  were  made  upon  tube  H^  Fig.  4.  This 
tube  was  so  constructed  that  by  applying  a  magnet  externally  to 
the  iron  portion  b  of  the  electrode  ac  the  distance  cd  between  the 
electrodes  could  be  made  any  desired  length.  Results  of  a  charac- 
teristic series  of  measurements  are  given  in  Chart  III.  All  tests 
were  made  at  the  critical  point,  and  with  the  exception  that  the 
resistance  in  the  circuit  had  to  be  increased  a  little  to  produce  the 
critical  point,  when  the  electrodes  were  further  apart,  the  conditions 
were  alike  in  all  corresponding  tests.  The  air  pressure  was  one 
millimeter  throughout  the  series. 
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{e)  Comparison  of  the  Phenomena  of  Positive  and  Negative  Discharge 
with  Reference  to  Frequency  and  Capacity, 

Professpr  G.  Wiedemann  found  (Elektricetat  von  G.  Wiedemann,  4, 
p.  459),  that  with  the  current  from  an  influence  machine,  and  there- 
fore of  uniform  intensity,  the  frequency  was  greater  when  the  nega- 
tive electrode  was  free  and  the  positive  connected  to  earth,  than  when 
the  positive  was  free  and  the  negative  was  connected  to  earth.  That 
is  to  say,  with  uniform  current  a  negative  discharge  gave  a  greater 
frequency  than  the  positive.  From  this  he  assumed  that  the  voltage 
varies  inversely  as  the  frequency,  on  the  assumption  that 

/ 

In  other  words  that,  if  the  frequency  is  decreased  one  half,  the  vol- 
tage should  be  doubled.  This  assumption  must  be  true,  of  course, 
if  the  capacity  remains  constant.  Professor  E.  Wiedemann  and 
others  have,  at  various  times,  obtained  results  some  of  which  verify 
this  law  of  frequency  and  some  contradict  it,  and  no  satisfactory 
reason  has  been  given  for  the  discrepancy.  Professor  E.  Wiede- 
mann has  suggested  that  perhaps  the  capacity  does  not  remain  con- 
stant. To  ascertain  whether  this  can  be  the  case  or  not,  two  series 
of  tests  were  made.  Results  of  the  first  series  are  given  in  Chart 
IV.  while  those  of  the  second  are  given  in  Chart  V. 

In  both  series  the  current  was  kept  constant  in  all  cases  and  no 
changes  were  made,  except  that  of  reversing  the  current  through 
the  tube  and  interchanging  the  earth  connection.  The  connections 
for  the  first  series  are  as  shown  in  Fig.  3  with  the  exception  that 
the  earth  could  be  instantly  connected  to  the  electrode  -^  or  ^  of 
the  glow  tube  at  pleasure  by  means  of  an  independent  switch.  In 
this  series  four  combinations  were  possible  as  shown  by  I.,  II.,  III. 
and  IV.  in  column  8  of  Chart  IV.,  where  R  in  column  8  denotes 
the  liquid  rheostat  as  indicated  by  R  of  Fig.  3,  in  series  with  the  bat- 
tery 5i  and  discharge  tube  AB,  In  I.  and  II.  the  direction  of  the 
current  was  unchanged  while  the  earth  was  connected  first  to  A  and 
then  to  B,  In  III.  and  IV.  the  current  was  reversed  in  direction 
while  the  earth  was  again  connected  first  to  A  and  then  to  B, 
With  these  combinations  it  was  found  that  the  frequency  obtained 
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Chart  IV. 

To  Test  the  Effect  of  fnterchan^^n^  the  Earth  Connection^  i.  e.,  to  Compare  the  Phe- 
nomena Produced  by  a  Negative  Discharge^  with  that  Produced  by  a  Positive ^ 
the  Tests  Being  on  Tube  /*,  with  2.8  mm.  Air  Pressure. 
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No  condenser  was  used  in  these 
tesu. 

A  medium  resbtance  was  used  in 
series  and  left  constant  throughout. 

The  only  changes  made  were  the 
interchanging  of  the  earth  connec- 
tion and  the  reversing  of  thecurrent- 


from  the  positive  electrode,  as  in  II.  and  IV.,  was  always  very  much 
greater  than  from  the  negative  electrode  as  in  I.  and  III.  These 
results  are  therefore  directly  opposite  to  those  obtained  by  G. 
Wiedemann  and  are  not  in  accordance  with  his  law  of  frequency, 
for  although  the  frequency  is  doubled  in  some  cases  the  potential 
varies  very  little,  if  at  all.  It  will  be  noticed,  however,  that  in  I. 
and  III.  the  earth  connection  is  made  between  the  tube  and  the 
rheostat,  while  in  11.  and  IV.  it  is  not.  It  is  possible  therefore  that 
the  position  of  the  rheostat  may  produce  the  change  in  frequency 
by  changing  the  capacity  of  the  circuit. 
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In  the  next  series  of  tests  the  combinations  were  modified  to  avoid 
this  difficulty.  Fig.  7  shows  the  plan  of  connection  for  the  second 
series  and  the  four  possible  combinations  are  indicated  in  V.,  VI., 
VII.  and  VIII.,  column  10  of  Chart  V.  The  tests  in  this  series 
were  made  as  follows  : 

First  two  measurements  were  made  with  unchanged  connections 
as  in  V.  and  VI.,  but  with  the  direction  of  the 

Ci|i|iIi|i|i|i|i|i|i|i|i|i|i|k;^     current  reversed  in  one  of  them,  so  that  in  V. 
c  )     there  was  a  negative  discharge  from  A  while 

in  VI.  there  was  a  positive  discharge  from  the 
same  terminal,  all  other  conditions  being  un- 
changed. Then  all  of  the  circuit  connections, 
except  those  connecting  to  the  Braun  tube, 
were  removed  from  A  and  B  and  interchanged 
in  position.  That  is,  the  connecting  wire  / 
was  removed  from  A  and  connected  to  B  while 
the  wires  m  and  n  were  removed  from  B  and  connected  to  A,  With 
these  interchanged  connections  two  more  measurements  were  made 
as  before  with  the  current  first  in  the  direct  and  then  in  the  reverse 
direction  through  the  tube.  In  other  words  in  VII.  there  was  a 
positive  discharge  from  B  while  in  VIII.  there  was  a  negative  dis- 
charge from  the  same  electrode,  all  other  conditions  being  the  same. 
Hence,  VII.  and  VIII.  are  exactly  the  same  as  V.  and  VI.,  respec- 
tively, except  that  the  discharge  proceeds  from  the  opposite  elec- 
trodes. If  then,  there  is  any  difference  between  the  frequencies 
obtained  in  these  four  cases,  or  if  the  potential  in  any  case  is  greater 
than  in  another  it  must  be  due,  either  to  some  difference  in  the  elec- 
trodes, or  to  some  intrinsic  difference  in  the  character  of  the  positive 
and  negative  discharge.  Apparently  the  difference  does  not  lie  in 
the  electrode,  for  interchanging  the  terminals  does  not  seem  to  pro- 
duce any  different  effect.  An  examination  of  Chart  V.  will  show, 
however,  that  in  afl  cases,  whenever  the  discharge  is  negative  the 
frequency  is  decidedly  greater  than  when  the  discharge  is  positive. 
This  is  in  agreement  with  G.  Wiedemann's  results,  but  the  law  of 
frequency  does  not  seem  to  be  verified  in  this  series,  for  if 
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Chart  V. 

To  Testlht  Effect  of  Changing  the  Earth  Connection,  i.  e.,  to  Compare  the  Phenomena 

Produced  by  a  Negative  Discharge  -with  that  Produced  by  a  Potitine;    tat, 

Htth  Changes  in  Air  Pressure  ;  2d,  With  Changes  in  Resistance,  and 

3d,  With  Changes  in  Capacity.     All  Tests  made  on  Tube  F. 
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is  true,  when  the  current  is  uniform,  then  if  C  is  constant,  n  should 
vary  inversely  as  F,  which  does  not  seem  to  be  the  case  in  these  re- 
sults.    If  the  potential  changes  at  all,  it  seems  to  increase  with  the 
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frequency  rather  than  otherwise.  At  any  rate,  even  after  making 
full  allowance  for  errors  in  measurement,  the  potential  does  not 
vary  inversely  as  the  frequency.  This,  then  seems  to  indicate  that 
the  capacity  of  the  tube  does  not  remain  constant 

VI.  Observations  and  Conclusions  Derived  from  the  Results. 

Facts  which  may  be  noticed  by  examining  the  charts,  combined 
with  the  phenomena  noticed  in  the  progress  of  these  investigations 
may  be  condensed  into  the  following  observations  : 

From  Chart  I.  it  may  be  noticed : 

1.  With  sufficiently  low  resistance  in  the  circuit  the  discharge  is 
continuous,  but  when  the  resistance  is  increased  sufficiently  the  dis- 
charge suddenly  becomes  disruptive ;  the  frequency  of  discharge 
continues  to  decrease,  and  the  maximum  potential  to  increase,  from 
that  point  on  as  the  external  resistance  is  increased. 

2.  If  the  low  resistance,  at  which  the  discharge  is  continuous,  is 
increased  very  slowly,  ^  critical  point  may  always  be  found  where 
the  discharge  fluctuates  between  the  continuous  and  disruptive  form 
without  any  change  in  the  external  circuit  Simply  touching  with 
the  finger  a  point  here  or  there  in  the  external  circuit  is  suffi- 
cient to  cause  the  discharge  to  change  back  or  forth  from  one  form  to 
the  other,  or  the  change  may  occur  without  any  point  being  touched, 
or  without  any  external  variation  whatever  being  made.  This  ap- 
parent spontaneous  fluctuation  is  probably  due  to  slight  changes  in 
the  capacity  of  the  external  circuit,  which  is  very  easily  affected. 
The  tests  which  follow  seem  to  indicate  this. 

3.  The  glim  light  is  always  longer  when  the  discharge  is  dis- 
ruptive than  when  it  is  continuous.  This  is  true  even  at  the  criti- 
cal point  But  the  true  current  intensity  is  greater  for  disruptive 
discharge  than  for  continuous  and,  as  already  known,  the  glim  is 
always  longer  the  stronger  the  current.  These  observations  have 
been  noticed  in  course  of  the  experiment  although  the  facts  have  not 
been  so  stated  before. 

4.  The  potential  never*  falls  to  zero  nor  even  near  it  but  varies 
between  a  maximum  and  minimum  at  each  interruption.  Plotting 
the  potential  curves  with  the  potential,  as  ordinates  and  the  time  as 
abcissas,  it  is  seen  that  from  the  minimum   point  the  potential  at 
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first  rises  very  abruptly,  but  as  it  approaches  the  maximum,  espe- 
cially in  discharges  of  low  frequency,  the  increase  occurs  but 
slowly  and  the  curve  becomes  nearly  a  horizontal  line  near  the 
upper  potential  limit.  When  the  potential  has  fully  reached  the 
maximum  it  falls  off  so  quickly  that  the  path  of  the  fluores- 
cent spot  upon  the  screen  usually  becomes  invisible  in  the  mirror. 
This  sudden  drop  in  potential  evidently  denotes  the  instant  at  which 
the  real  discharge  between  the  electrodes  takes  place.  The  poten- 
tial develops  as  it  does  when  a  condenser  is  charged  until  the 
discharge  potential  is  reached.  Apparently  the  discharge  takes 
place  only  after  the  walls  of  the  tube  have  been  fully  charged. 
That  is,  there  is  a  silent  discharge  from  the  free  electrode  to  the 
walls  of  the  tube  which  gradually  raises  the  potential.  Then  when 
the  maximum  potential  is  fully  reached  there  is  a  sudden  discharge 
from  the  walls  and  from  the  free  electrode  to  the  electrode  which  is 
connected  to  the  earth.  Such  a  manifestation  was  formerly  ob- 
served in  the  like  phenomena  examined  by  E.  Wiedemann  and  Leh- 
mann.  In  this  manifestation  may  be  found  the  reason  for  the  re- 
sults of  G.  Wiedemann  concerning  the  difference  between  positive 
and  negative  discharges,  in  which  the  existing  velocity  of  the  nega- 
tive electrons  plays  an  important  part.  That  the  potential  drops 
suddenly  the  instant  the  discharge  sets  in,  is  in  agreement  with  the 
results  which  Hittorf  has  previously  found,  namely,  that  it  requires 
a  higher  potential  to  begin  a  discharge  than  to  maintain  it. 

5.  With  the  discharge  proceeding  always  from  the  same  positive 
or  negative  terminal,  it  is  seen  that  as  the  frequency  of  discharge 
decreases  the  limits  of  potential  differ  more  widely,  the  maximum 
potential  increasing  greatly  while  the  minimum  limit  seems  to  drop 
slightly.  Or  conversely,  the  greater  the  current  intensity,  that  is, 
the  greater  the  number  of  discharges  per  second,  the  smaller  the  am- 
plitude of  potential  variation  becomes.  The  reason  for  this  is  that 
the  shorter  the  time  interval  existing  between  discharges  the  greater 
is  the  number  of  free  electrons  then  in  the  tube,  and  accordingly  the 
greater  the  conductivity  of  the  gas.  From  this  it  follows  that  there 
can  be  no  definite  fixed  discharge  potential  or  normal  potential  for 
disruptive  discharges,  but  the  value  will  vary  with  every  varying 
condition  that  may  exist. 
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6.  In  some  cases,  especially  in  Chart  II.,  an  upward  turn  is  dis- 
tinctly seen  at  the  lower  limit  of  the  curve.  That  is  to  say,  as  the 
fall  in  potential  approaches  the  lower  limit  the  fluorescent  line 
gradually  becomes  visible  and  when  the  minimum  is  reached,  the 
bend  from  a  downward  to  an  upward  direction  is  clearly  seen.  This 
plainly  indicates  the  direction  of  the  curve  in  the  invisible  por- 
tion, and  shows  that  the  potential  does  not  fall  at  any  time  below 
the  so  called  minimum.  In  other  words,  the  potential  drops 
most  rapidly  near  the  maximum  and  then  more  slowly  until  it 
reaches  the  lower  limit,  when  it  begins  to  rise  again.  The  change 
in  the  curve  from  a  downward  to  an  upward  direction,  so  clearly 
seen  at  the  minimum  point,  plainly  indicates  the  lowest  limit  of 
potential.  This  is  also  verified  by  the  fact  that  the  mean  potential 
obtained  by  heat  measurements  and  by  direct  voltmeter  measure- 
ments as  seen  in  Table  II.  lie  between  the  maximum  and  minimum 
potential  limits. 

7.  The  minimum  potential  of  disruptive  discharge  is  seen  to  be 
lower  than  the  constant  potential  of  continuous  discharge.  This 
indicates  that  there  are  more  free  electrons  in  the  gas  during  the  in- 
stant of  actual  transmission  in  disruptive  discharge  than  at  any 
time  during  the  continuous.  This  makes  the  conductivity  greater 
and  consequently  the  minimum  potential  lower  in  the  former  case 
than  in  the  latter.  In  other  words  it  indicates  that  the  true  current 
intensity  during  the  short  periods  of  active  transmission  in  disruptive 
discharges  is  greater  than  the  current  intensity  of  a  continuous  dis- 
charge. In  like  manner  it  is  seen  from  Charts  I.  to  III.,  inclusive, 
that  within  limits,  as  the  air  pressure  within  the  tube  is  decreased 
the  potential  of  continuous  discharge  is  increased. 

8.  The  results  given  in  Charts  II.  to  III.  show  also  that  as  the 
capacity  of  the  tube  is  increased  the  maximum  potential  of  disrup- 
tive discharge  is  raised  and  the  minimum  is  lowered ;  also,  the  fre- 
quency is  diminished. 

9.  As  the  air  pressure  is  decreased  the  capacity  of  the  tube  is 
increased.  This  seems  to  be  true,  for  in  tests  which  were  alike  in 
all  respects,  except  in  air  pressure,  the  results  indicate  that  the  tube 
had  a  greater  capacity  with  a  high  vacuum  than  it  had  with  a  low 
one.     An  example  of  this  is  seen  in  tests  22"  and  23",  Chart  11. 
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in  which  the  air  pressure  was  0.5  mm.  in  the  former  and  0.3  mm. 
in  the  latter.  Now,  if  C,  /.  iVand  F  denote  respectively  capacity, 
current  intensity,  frequency  and  potential,  then 

Supplying  the  corresponding  values  obtained  in  22"  and  23"  we 
have 

C.       4  X  20  X  464  I 

-^  =  ^ -z  =  —  nearly. 

C^      6.5  X  30  X  416      2.2         ^ 

That  is,  the  tube  has  a  greater  capacity  when  the  air  pressure  is 
small  than  when  it  is  larger. 

10.  Results  given  in  Chart  III.  show  that  the  potential  of  con- 
tinuous discharge  rises  slightly  as  the  distance  between  the  elec- 
trodes increases,  as  would  be  expected. 

1 1.  As  the  distance  between  the  electrodes  is  increased  the  fre- 
quency of  discharge  decreases  and  the  maximum  potential  increases. 
In  other  words,  increasing  the  distance  between  the  electrodes 
seems  to  have  the  effect  of  increasing  the  capacity  of  the  tubes. 

12.  It  is  seen  from  these  measurements  that  the  minimum  poten- 
tial is  not  affected  either  by  changes  in  capacity  or  distance  between 
the  electrodes. 

13.  Results  given  in  Chart  V.  show  that,  other  things  remaining 
the  same,  the  negative  discharge  has  a  higher  frequency  than  the 
positive,  though  Chart  IV.  shows  that  the  external  circuit  may 
easily  be  modified  so  that  the  positive  discharge  will  have  a  higher 
frequency  than  the  negative.  In  other  words,  the  character  of  dis- 
charge within  the  tube  is  so  intimately  related  to  every  external 
condition  of  the  circuit,  that  any  apparently  slight  modification 
without  may  entirely  change  the  phenomena  within.  This  being 
true  the  discrepancies  between  the  results  of  G.  and  E.  Wiedemann 
may  easily  be  accounted  for  on  this  basis. 

14.  The  results  given  in  Chart  V.  do  not  verify  the  law 

/ 
since  the  potential  does  not  in  any  case  vary  inversely  as  the  fre- 
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quency.  On  the  other  hand,  they  show  that  the  capacity  is  not  a 
constant  quantity,  but  is  different  when  the  discharge  is  negative 
from  what  it  is  when  the  discharge  is  positive.  Perhaps  the  ex- 
planation of  this  may  be  found  in  the  difference  that  exists  between 
the  velocities  of  the  positive  and  negative  electrons. 

15.  In  sending  a  disruptive  current  through  a  vacuum  tube  each 
period  seems  to  consist  of  two  very  short  intervals,  the  interval  of 
charge  accumulation  and  that  of  charge  transmission.  During  the 
first  interval  the  electrodes  and  walls  of  the  tube  become  charged 
while  the  voltage  rises  from  the  minimum  to  the  maximum  poten- 
tial. The  various  stages  through  which  the  potential  passes  during 
this  first  instant  is  denoted  by  the  curved  line  as  seen  in  the  mirror, 
the  first  portion  of  which  gradually  curves  away  from  the  vertical 
and  the  latter  portion  is  nearly  horizontal.  During  the  second  inter- 
val, or  instant,  the  true  transmission  of  electricity  takes  place  and 
is  denoted  by  the  break  in  the  line  indicating  the  drop  in  potential, 
as  the  voltage  falls  from  maximum  to  minimum.  The  second  inter- 
val is  very  short  compared  with  the  first.  In  other  words,  the  time 
required  for  the  true  transmission  of  electricity  between  the  elec- 
trodes is  only  a  very  small  fraction  of  the  total  period.  Apparently 
it  is  possible  here  to  measure  the  duration  of  each  interval,  that  is, 
not  only  to  determine  the  frequency  and  time  required  for  the  charge 
to  accumulate  and  the  voltage  to  rise,  but  also  to  determine  the 
duration  of  time  required  for  the  actual  passage  of  electricity  be- 
tween the  electrodes  and  the  mean  actual  current  intensity  during 
that  instant.     Further  tests  are  in  progress  for  deriving  these  values. 

Western  University  of  Pennsylvania, 
Allegheny,  Pa..  Jan.,  1904. 
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ON   THE   USE    OF    NICKEL   IN   THE   CORE   OF    THE 
MARCONI    MAGNETIC    DETECTOR. 

By  Arthur  L.  Foley. 

^  I  "HE  magnetic  detector  of  electric  waves,  described  and  used  by 
-■'  MarcomV  consisted  of  a  "  core  or  rod  of  thin  iron  wires  on 
which  were  wound  one  or  two  layers  of  thin  insulated  copper  wire. 
Over  this  winding  insulating  material  was  placed,  and  over  this 
again,  another  longer  winding  of  thin  copper  wire  contained  in  a 
narrow  bobbin.**  One  terminal  of  the  inside  winding  was  con- 
nected to  earth,  the  other  to  an  elevated  conductor.  The  ends  of 
the  outside  winding  were  connected  to  a  telephone.  A  horseshoe 
magnet,  suitably  placed,  was  moved  by  clock  work  so  as  to  cause 
a  continuous  change  or  successive  reversals,  of  the  magnetism  of 
the  iron  core.  Electric  oscillations  of  suitable  period  appeared 
to  reduce  the  effects  of  magnetic  hysteresis,  hence  the  magnetism 
.  of  the  iron  core  increased  or  decreased  suddenly  with  each  spark 
of  the  transmitter,  inducing  a  current  in  the  outer  winding  connected 
to  the  telephone.  Marconi  had  (June,  1902)  used  this  apparatus 
for  some  months  in  the  reception  of  wireless  telegraph  messages 
over  a  distance  of  152  miles,  and  with  less  power  employed  at  the 
transmitting  station  than  would  have  been  required  had  he  used  a 
reliable  coherer  instead  of  the  magnetic  detector. 

Marconi  noticed  that  *'the  signals  in  the  telephone  are  weakest 
when  the  poles  of  the  rotating  magnet  have  just  passed  the  core 
and  are  increasing  their  distance  from  it,  whilst  they  are  strongest 
when  the  magnet  poles  are  approaching  the  core.**  To  obtain 
more  definite  results  on  this  point  I  arranged  to  use  a  ballistic  gal- 
vanometer instead  of  a  telephone,  and  to  take  readings  for  various 
determined  positions  of  the  magnet  and  core. 

The  core,  which  was  5  cm.  long,  consisted  of  twenty-six  pieces 
of  annealed  piano  wire,  .063  cm.  in  diameter.     Over  this  was  wound 

» Note  on  a  Magnetic  Detector  of  Electric  Waves,  by  G.  Marconi.  Proceedings  of  the 
Royal  Society,  Vol.  LXX.,  No.  463,  July  29,  1902. 
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a  single  layer  of  two-hundred  turns  of  silk  insulated  copper  wire 
No.  36,  giving  a  total  diameter  core  and  coil  of  approximately  .4 
cm.  One  end  of  the  coil  was  connected  to  a  vertical  wire  200  cm. 
long,  the  other  end  was  put  to  earth. 

The  outer  or  secondary  coil,  consisting  of  one  thousand  turns  of 
No.  30  copper  wire,  was  wound  on  a  wooden  spool  of  such  dimen- 
sions that  the  coil  itself  was  1.7  cm.  long  and  .6  cm.  in  diameter 
(inside).  The  terminals  of  this  coil  were  connected  to  a  Rowland 
D'Arsonval  galvanometer  through  a  key  arranged  to  short  circuit 
the  galvanometer  after  each  throw  of  the  needle.  This  brought 
the  needle  to  rest  very  quickly,  and  permitted  the  position  of  the 
magnet  to  be  changed  without  effecting  the  galvanometer. 

The  induction  coil  (one  inch)  of  the  transmitter  was  operated  by 
a  storage  cell  and  was  adjusted  to  give  a  2-mm.  spark  between  two 
small  brass  spheres,  one  connected  to  a  vertical  wire  200  cm.  long, 
the  other  to  earth.  The  distance  between  the  transmitter  and  re- 
ceiver was  varied  from  two  meters  to  twenty  meters.  The  results 
given  in  this  paper  were  obtained  when  the  distance  was  made  five 
meters.     No  effort  was  made  to  "tune*'  the  circuits.  ^ 

The  magnet  was  made  from  a  bar  of  steel  1.6  cm.  square  and 
37  cm.  long,  bent  so  as  to  make  a  horse -shoe  magnet  about  16 
cm.  long  with  parallel  legs  4.8  cm.  apart.  The  primary  and  sec- 
ondary coils  were  fastened  in  place  on  a  board  grooved  and  gradu- 
ated so  that  the  magnet  could  be  slid  back  and  forth  in  the  same 
horizontal  plane  with,  and  in  a  direction  at  right  angles  to,  the  iron 
core,  and  placed  at  any  desired  distance  from  it.  The  graduations 
extended  from  o  to  12  cm.  zero  distance  corresponding  to  contact 
between  the  ends  of  the  magnet  and  the  core. 

To  get  a  reading,  the  galvanometer  was  first  short  circuited  and 
the  magnet  placed  in  position.  The  short  circuit  was  then  broken, 
the  transmitter  operated  as  long  as  the  deflection  of  the  needle  was 
increasing,  and  the  throw  observed. 

Table  I.  gives  the  throws  of  the  galvanometer  for  the  given  dis- 
tances between  the  magnet  and  core : 

A,  When  the  magnet  is  placed  10  cm.  from  the  core  and  moved 
one  space  nearer  each  successive  reading. 

B.  When  the  magnet  is  placed  in  contact  with  the  core  and  is 
moved  one  space  farther  from  it  each  reading. 
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C,  When  the  magnet  is  removed  some  distance  after  each  read- 
ing and  the  transmitter  operated  before  the  magnet  is  placed  in 
position  for  another  reading. 

D,  When  the  magnet  is  turned  over  (the  field  reversed)  between 

readings. 

Table  I. 


Distance. 

A 

B 

C 

D 

0.0  cm. 

2.0  cm. 

7.6  cm. 

0.5 

2.3 

0.8  cm. 

4.0  cm. 

7.9 

1.0 

2.0 

.9 

3.2 

6.1 

2.0 

1.3 

1.0 

2.0 

3.5 

3.0 

.4 

.9 

1.2 

1.6 

4.0 

.3 

1.0 

1.0 

LI 

5.0 

.2 

.6 

.5 

.8 

6.0 

.1 

.4 

.3 

.6 

7.0 

.0 

.3 

.2 

.4 

8.0 

.0 

.2 

.2 

.3 

9.0 

.0 

.2 

.1 

.25 

10.0 

.0 

.1 

.1 

.2 

* 
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Fig.  1. 

The  data  of  Table  I.  are  plotted  in  Fig.  i.     A  comparison  of 
curves  A  and  B  shows  that  the  sensitiveness  of  the  magnetic  dctec- 
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tor  depends  upon  both  the  distance  and  direction  of  motion  of  the 
moving  magnet.  When  the  magnet  is  near  the  core  the  detector  is 
more  sensitive  when  the  magnet  is  approaching,  but  when  some  dis- 
tance from  the  core  the  detector  is  more  sensitive  when  the  magnet 
is  receding.  Both  curves  indicate  a  maximum  of  sensitiveness  at  a 
distance  from  the  core,  the  distance  being  less  when  the  magnet  is 
approaching  than  when  receding. 

Removing  the  magnet  and  operating  the  transmitter  tended  to 
demagnetize  the  core.  Then  when  the  magnet  was  placed  in  posi- 
tion and  the  transmitter  again  operated  as  in  curve  C,  there  was  a 
relatively  greater  change  in  the  magnetism  of  the  core  than  was 
obtained  under  the  conditions  of  curves  A  and  B,  Hence  the  de- 
flections in  column  C  are  greater  than  those  in  A  or  B.  It  is  evi- 
dent that  the  relative  change  in  the  magnetization  of  the  core  would 
be  greater  still  where  the  magnetic  field  is  reversed  after  each  read- 
ing, as  in  curve  D, 

Since  nickel  is  more  susceptible  than  iron  in  weak  magnetic  fields, 
and  less  susceptible  in  strong  fields,  it  occured  to  the  writer  that  a 
more  uniform  sensibility  for  varying  distances  between  the  moving 
magnet  and  core  might  be  obtained  by  making  the  core  of  nickel. 

Four  cores  were  made,  each  one  being  5  cm.  long,  approximately 
.4  cm.  in  diameter,  and  being  wound  with  two  hundred  turns  of  No. 
36  copper  wire. 

Core  I  consisted  of  26  pieces  of  piano  wire,  .063  cm.  in  diameter. 

Core  2  of  10  pieces  of  piano  wire  and  10  pieces  of  nickel  wire, 
.082  cm.  in  diameter. 


Table  II. 

Distance. 

Core  X. 
Pe. 

Core  a. 
Pe  ft  Ni. 

Core  3. 
Pe  ft  Ni. 

Core  4. 
Ni. 

0  cm. 

7.6  cm. 

10.2  cm. 

7.5  cm. 

6.1  cm. 

.5 

7.9 

9.5 

7.5 

9.0 

1.0 

6.1 

8.0 

7.2 

8.9 

2.0 

3.5 

4.6 

4.0 

4.7 

3.0 

1.6 

3.0 

2.0 

1.35 

4.0 

1.1 

1.7 

1.0 

0.7 

6.0 

0.6 

0.5 

0.4 

0.35 

8.0 

0.3 

0.2 

0.2 

0.2 

10.0 

0.2 

0.1 

0.1 

0.1 
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Core  3  of  2  pieces  of  piano  wire  and  13  pieces  of  nickel  wire. 

Core  4  of  14  pieces  of  nickel  wire. 

Table  11.  gives  the  deflections  at  various  distances  between  the 
magnet  and  each*  of  the  four  cores,  the  magnet  being  moved  one* 
space  at  a  time  and  having  its  poles  reversed  after  each  reading. 
The  data  for  three  of  the  cores  are  plotted  in  Fig.  2. 
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Fig.  2. 

The  sensitiveness  of  the  detector  with  a  nickel  core  was  not  very 
different  from  the  sensitiveness  when  an*  iron  core  was  used.  Con- 
trary to  expectations,  however,  the  sensitiveness  with  the  nickel  core 
appeared  to  be  the  greater  in  strong  fields  and  with  the  iron  core  in 
weak  fields.  Both  showed  a  maximum  of  sensitiveness  at  a  short 
distance  from  the  magnet,  the  maximum  for  nickel  being  the  farther 
removed.  The  nickel  core  proved  to  be  more  sensitive  than  the 
iron  core  for  distances  up  to  2.5  cm. 

When  the  detector  was  worked  with  the  mixed  core  of  iron  and 
nickel  wires  the  deflections  of  the  galvanometer  increased  as  the 
magnet  approached  the  core,  even  up  to  the  point  of  contact.     The 
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curve  (Fe  and  Ni,  Fig.  2)  lies  above  the  Fe  curve  at  all  points  and 
above  the  Ni  curve  at  most  points,  showing  that  a  mixed  core  con- 
sisting of  annealed  piano*  wire  and  hard  drawn  nickel  wire,  produced 
*a  more  sensitive  detector  than  was  obtained  by  using  a  core  of  piano 
wire  only. 

The  detector,  gave  small  deflections  of  the  galvanometer  when  I 
used  an  antimony  core  ;  also  when  I  used  a  core  of  iron  filings  con- 
tained in  a  thin  walled  glass  tube.  In  both  cases  deflections  were 
obtained  only  when  the  magnet  was  near  the  core.  A  core  of  bis- 
muth gave  no  deflection. 

It  is  probable  that  the  form  of  the  curve  of  Figs,  i  and  2  depends 
upon  other  points  than  those  considered  in  this  paper,  as  for  instance, 
the  frequency  and  intensity  of  the  oscillations  sent  out  by  the  trans- 
mitter, and  the  annealing  of  the  steel  wires  used  in  the  core. 

Since  electric  oscillations  appear  to  **  have  the  power  of  reducing 
the  effects  of  magnetic  hysteresis,"  it  has  occurred  to  the  writer  to 
test  their  effect  upon  the  hysteresis  loss  of  transformers,  armatures, 
etc.  Some  experimental  work  on  this  subject  has  been  done  but  I 
am  not  yet  ready  to  announce  results. 

Physics  Laboratory, 

Indiana  University,  April,  1903. 
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STUDIES   IN   LUMINESCENCE. 

By  Edward  L.  Nichols  and  ^rnest  Mkrritt. 

I.    The  Phosphorescence  and  Fluorescence  of  Organic 
Substances  at  Low  Temperatures. 

THE  experiments  here  described  are  preliminary  to  a  more  ex- 
tended study  of  phosphorescence  and  fluorescence  at  low 
temperatures,  which  will  be,  as  far  as  possible,  quantitative  in  char- 
acter. Before  undertaking  quantitative  experiments  it  seemed  ad- 
visable, however,  to  test  a  large  number  of  substances  qualitatively, 
so  as  to  determine  which  are  best  suited  for  further  study. 

The  substances  thus  far  tested  are  chiefly  organic  compounds  of 
definite  composition.  Substances  like  white  of  egg,  milk,  ivory, 
etc.,  while  in  many  cases  possessing  bright  phosphorescence,  seem 
too  indefinite  in  their  composition  to  be  suited  for  exact  work. 
Among  the  substai>c/?s  tested  are  several  mentioned  by  Dewar ;  ^ 
but  the  behavior  of  ttle^great  majority  of  the  substances  included  in 
the  following  tables  has- not  to  our  knowledge  been  previously 
recorded. 

The  method  of  testing  was  briefly  as  foUows  :  The  substance  was 
placed  in  a  glass  or  porcelaii?  dish  in  a  dark  room,  and  covered 
with  liquid  air,  which  was  poured  directly  upon  it.  It  was  then 
illuminated  by  the  light  from  a  spark  passing 'between  magnesium 
terminals.  Fluorescence,  if  at  all  intense,  could  be  at  once  de- 
tected ;  while  phosphorescence,  if  present,  was  observed  after  the 
spark  had  been  stopped.  By  causing  the  light  to  pass  through 
glass  before  reaching  the  specimen  it  was  easy  to  determine, 
roughly,  whether  the  effects  were  caused  by  the  ultra-violet  or  the 
visible  rays.  Each  substance  was  also  tested  at  ordinary  tempera- 
tures. In  the  case  of  al)Out  half  of  the  substances  the  effect  of  X- 
rays  was  also  tried,  both  at  ordinary  temperatures  and  when  the 
substances  were  cooled  by  liquid  air. 

1  Dewar,  Proc.  Royal  Soc,  55,  p.  340;  Proc.  Chem.  Soc,  10,  p.  171  ;  Proc.  Royal 
Inst.,  14,  p.  665. 
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Previous  experiments  have  shown  that,  as  regards  the  effect  of 
low  temperatures  on  phosphorescence,  bodies  may  be  divided  into 
at  least  three  classes  :  (i)  Substances  in  which  the  power  to  phos- 
phoresce is  increased  by  cooling ;  in  this  class  are  included  sub- 
stances for  which  phosphorescence  is  either  weak  or  entirely  absent 
at  ordinary  temperatures ;  (2)  substances  which  are  phosphorescent 
at  ordinary  temperatures,  but  which  have  this  power  diminished  or 
destroyed  at  low  temperatures ;  (3)  bodies  whose  behavior,  as  re- 
gards phosphorescence,  is  apparently  unaffected  by  cold. 

We  have  found  many  examples  of  the  first  class  and  some  ex- 
amples of  the  third ;  but  among  the  organic  substances  studied  no 
example  of  the  second  class  was  found.  Balmain's  paint  and  the 
phosphorescent  sulphides  are  the  only  substances  tested  by  us 
which  show  diminished  phosphorescing  power  when  cooled. 

Of  the  substances  tested  only  35  failed  to  show  either  phosphor- 
escence or  fluorescence  when  cooled  to  the  temperature  of  liquid 
air.  A  list  of  these  inactive  substances  is  given  in  Table  I.,  p.  361. 
In  a  few  of  these  a  trace  of  luminescence  may  have  been  present  ; 
but  if  so,  the  luminosity  was  so  faint  as  to  make  it  quite  unlikely 
that  the  substances  would  prove  interesting  for  further  study.  It 
should  be  noted  that  the  frozen  gases  tested,  viz.,  ammonia,  sul- 
phur dioxide,  and  ethylene,  were  contained  in  glass  tubes,  whose 
walls  may  have  served  to  absorb  the  active  rays  of  the  exciting  light. 

The  substances,  63  in  number,  which  showed  phosphorescence 
at  low  temperatures,  but  no  fluorescence,  are  included  in  Table  II. 
In  this  table  are  recorded  (i )  the  approximate  intensity  of  phosphor- 
escence at  ordinary  temperatures  as  estimated  by  the  eye,  the  most 
brilliant  phosphorescence  being  indicated  by  the  number  5,  and  the 
least  bright  by  i;  (2)  the  intensity  when  illuminated,  and  observed, 
while  at  the  temperature  of  liquid  air,  according  to  the  same  arbi- 
trary scale  as  before ;  (3)  the  duration  of  phosphorescence :  the 
number  **  5  "  in  this  column  means  a  duration  of  several  minutes, 
while  **r'  indicates  a  duration  of  one  or  two  seconds ;  (4)  the  color 
of  phosphorescence — in  case  no  color  is  indicated  the  phosphores- 
cent light  was  either  white  or  only  slightly  colored;  (5)  the  be- 
havior of  the  substance,  at  the  temperature  of  liquid  air,  when 
stimulated  by  X-rays. 
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In  the  great  majority  of  cases  the  phosphorescence  was  due  to 
the  ultra-violet  rays  of  the  spark.  This  was  shown  by  the  fact  that 
the  effect  of  the  spark  in  producing  phosphorescence  was  either  en- 
tirely or  largely  suppressed  by  the  interposition  of  glass. 

In  considering  the  results  recorded  in  Table  II.,  one  is  struck  by 
the  fact  that  only  a  few  of  the  substances  showed  luminescence  at 
prdinary  temperatures.  The  method  of  observation  was  not  suffi- 
ciently refined  to  permit  the  detection  of  very  faint  phosphorescence, 
especially  if  of  short  duration.  Observations  made  with  the  phos- 
phoroscope  would  doubtless  show  that  many  of  the  substances  here 
recorded  as  inactive  at  ordinary  temperatures  really  possess  a  cer- 
tain amount  of  activity.  Yet  the  fact  remains  that  the  change  pro- 
duced by  low  temperatures  in  this  property  of  matter  is  of  a  very 
radical  nature. 

In  all  cases  where  phosphorescence  was  found  both  at  ordinary 
temperatures  and  in  liquid  air  it  was  also  observed  throughout  the 
whole  intermediate  range. 

In  several  instances  the  greatest  intensity  of  phosphorescence  ap- 
peared to  be  at  a  temperature  somewhat  above  that  of  liquid  air. 
This  was  true  for  example  in  the  case  of  phthalic  anhydride,  anti- 
pyrin,  salicylic  acid,  arsenious  oxide,  benzoic  acid,  alcoholic  solution 
of  phenanthrene,  coumarin,  cetyl  alcohol,  quinine,  and  anthranol 
(Table  IV.).  Since  the  observations  ^it  intermediate  temperatures 
were  made  during  the  rather  rapid  warming  of  the  substance  tested, 
it  is,  however,  possible  that  the  observed  increase  in  brightness  was 
due  to  the  release  of  energy  which  had  been  stored  in  the  sub- 
stance. A  striking  instance  of  this  phenomenon  has  been  reported 
by  Dewar  in  the  case  of  ammonium  platino  cyanide. 

Only  ten  substances  were  found  which  showed  fluorescence  at 
the  temperature  of  liquid  air  without  any  noticeable  phosphorescence. 
The  behavior  of  these  substances  is  recorded  in  Table  III. 

Of  the  substances  tested  the  twenty  that  are  included  in  Table 
IV.  showed  both  phosphorescence  and  fluorescence  at  low  tempera- 
tures. In  these  substances  also  the  luminescence  at  ordinary  tem- 
peratures was  usually  either  slight  or  entirely  lacking. 

In  the  case  of  many  substances  the  color  of  the  phosphorescent 
light  changed  as  the  phosphorescence  died  away ;  in  other  words 
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the  different  colors  of  the  phosphorescent  spectrum  decayed  at  dif- 
ferent rates.  In  some  instances  there  could  be  little  doubt  that  the 
observed  luminescence  was  the  resultant  of  two  superposed  effects, 
whose  rates  of  decay  differed  widely.  The  color  of  the  phosphor- 
escent light  was  sometimes  modified  also  by  temperature,  and  in 
some  cases  by  a  change  in  the  exciting  rays.  Some  of  the  most 
striking  cases  of  color  change  are  mentioned  below. 

^  Acet-naphthalid, — The  initially  yellow  phosphorescence  at 
—  1 86°  C.  changes  to  white  as  the  phosphorescence  dies  out.  The 
yellow  tone  is  also  lacking  when  the  exciting  light  had  passed 
through  glass,  while  the  white  phosphorescence  remains. 

Anisic  Acid, — The  bright  blue  phosphorescence  seen  at  low 
temperatures  changes  to  a  greenish  yellow  as  the  phosphorescence 
dies  out.  At  higher  temperatures  no  blue  is  seen  in  the  phosphor- 
escence, and  at  the  same  time  the  blue  fluorescence  seen  at  —  i86® 
disappears. 

Benzoic  Acid,  —  The  blue  fluorescence  seen  at  —  i86®  C.  changes 
to  greenish  yellow  at  somewhat  higher  temperatures.  The  maxi- 
mum phosphorescence  seems  to  occur  at  a  temperature  somewhat 
above  that  of  liquid  air.  The  phosphorescence  is  initially  bright 
green,  losing  this  color  as  it  dies  out. 

Calcium  Benzoate,  —  The  phosphorescence  is  at  first  bright  blue, 
changing  rapidly  to  white  as.it  dies  out.  The  blue  fluorescence  ob- 
served at  —  1 86°  C.  ceases  at  slightly  higher  temperatures,  and 
at  the  same  time  the  phosphorescence  loses  its  initial  blue  color. 

Meta-carbol,  —  The  phosphorescence  at  —  1 86  °  is  initially  a 
brilliant  robin's  egg  blue.  But  the  color  is  quickly  lost  as  the 
phosphorescence  decays,  leaving  behind  a  relatively  weak  but  per- 
sistent white. 

Metol'Hauff,  —  Initially  blue.  At  the  end  of  about  two  seconds 
the  blue  changes  to  green,  which  persists  much  longer. 

Myricil  Alcohol,  —  At  —  1 86  °  C.  the  phosphorescence  is  a 
orilliant  blue.  At  higher  temperatures  the  blue  changes  to  a  fainter 
white,  which  is  noticeable  through  a  considerable  temperature 
range.  • 

Palmitic  Acid,  —  Bright  green,  changing  as  the  phosphorescence 
dies  out  to  a  persistent  white. 
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Piperine.  —  Bright  greenish  phosphorescence.  When  the  excit- 
ing light  is  passed  through  glass  the  greenish  tint  is  no  longer 
seen. 

Phenanthrene  {Alcoholic  Solution).  —  Bright  green  phosphores- 
cence of  long  duration,  but  changing  to  white  as  it  dies  out.  The 
green  part  of  the  phosphorescence  is  suppressed  when  the  excit- 
ing light  passes  through  glass. 

Pyrocatechin.  —  Brilliant  green  quickly  changing  to  bluish  white. 

Tetra-chlor  Phthalic  Acid,  —  The  fluorescence  at  —  1 86  °  C.  is 
a  bright  robins'  egg  blue.  At  higher  temperatures  it  changes  to 
yellow. 

In  the  case  of  the  phosphorescent  sulphides  previous  observers  ^ 
have  found  that  phosphorescence  excited  at  ordinary  temperatures 
is  suppressed  by  sudden  cooling.  With  substances  of  this  class  the 
phosphorescence  produced  by  illumination  at  low  temperatures  is 
also  small.  Observations  with  benzoic  acid  indicate  that  the  be- 
havior of  that  substance  is  more  complicated.  Upon  exciting  phos- 
phorescence at  ordinary  temperatures  and  then  suddenly  cooling  in 
liquid  air  the  phosphorescence  is  suppressed.  The  same  is  true  if 
the  substance  is  excited  at  some  intermediate  temperature  and  after- 
ward cooled.  Yet  in  the  case  of  benzoic  acid  —  contrary  to  the 
case  of  the  sulphides  —  the  phosphorescence  excited,  and  observed^ 
at  low  temperature  is  far  more  brilliant  than  at  ordinary  tempera- 
tures. 

In  several  instances  the  luminescence  of  a  solution  was  compared 
with  that  of  a  solid  substance.  Although  the  number  of  such  cases 
is  not  sufficient  to  permit  a  general  conclusion  to  be  drawn,  the 
tests  show  that  important  changes  in  the  character  of  the  lumines- 
cence are  not  unusual.  Solid  anthraquinone,  for  example,  showed 
a  brilliant  yellow  phosphorescence  of  short  duration ;  while  the 
frozen  alcoholic  solution*  gave  a  bright  bluish  phosphorescence  of 
long  duration.  The  behavior  of  the  solution  resembled  that  of  the 
solvent,  but  when  the  phosphorescence  was  compared  with  that  of 
alcohol  the  latter  was  seen  to  be  much  weaker. 

Phenanthrene  offers  another  good  illustration  of  the  effect  of 

>  Sec  Kctct,  C.  R.,  119,  p.  527 ;  also  Lumiirc,  C.  R.,  128,  p.  549,  and  Trowbridge, 
Science,  10,  p.  244. 

<  Commercial  methyl  alcohol  was  used  as  a  soUent 
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solution.  The  solid  showed  blue  fluorescence  and  yellow  phos- 
phorescence, both  rather  bright  When  dissolved  in  absolute  alco- 
hol the  fluorescence  was  no  longer  observed,  while  the  phosphor- 
escence was  green  instead  of  yellow,  and  of  much  longer  duration. 
In  the  case  of  the  solution  the  brightness  was  abo  much  greater 
at  a  temperature  somewhat  above  that  of  liquid  air. 

An  aqueous  solution  of  piperidene  behaved  in  the  same  way  as 
the  solid  salt. 

The  influence  of  diflerent  solvents  in  modifying  the  luminescence 
phenomena  at  low  temperatures  was  well  brought  out  in  the  case  of 
fluorescein.  The  brilliant  fluorescence  exhibited  by  this  substance 
at  ordinary  temperatures  also  makes  its  behavior  at  low  tempera- 
tures of  especial  interest.  While  solid  fluorescein  showed  no  lumines- 
cence, either  when  cold  or  at  room  temperature,  the  alkaline  aqueous 
solution  gave  the  usual  brilliant  fluorescence  until  cooled  to  the 
freezing  point,  when  all  trace  of  fluorescence  disappeared.  The 
temperature  at  which  this  sudden  change  occurred  was  measured 
by  means  of  the  resistance  of  a  copper  wire,  and  was  found  to 
be  a  few  tenths  of  a  degree  below  the  freezing  point  of  the  solution. 
As  a  check  upon  this  measurement  the  frozen  solution  was  removed 
from  its  test  tube  for  convenience  in  observation  and  slowly  warmed 
in  the  air.  Fluorescence  was  found  to  begin  while  the  ice  was  still 
firm  and  before  any  indication  of  melting  could  be  observed. 

The  behavior  of  fluorescein  when  used  as  an  indicator  in  volu- 
metric analyses  has  been  explained  upon  the  assumption  that  it  flu- 
oresces only  when  dissociated.  When  dissociation  is  prevented  by 
making  the  solution  add,  or  by  other  means,  fluorescence  has  been 
found  to  cease.  Since  dissociation  can  scarcely  persist  in  the  frozen 
aqueous  solution  we  should  therefore  expect  fluorescence  to  cease 
as  soon  as  the  solution  solidifies.  The  apparently  contradictory 
behavior  mentioned  above  seems  to  result  from  the  presence  on  the 
ice  of  minute  drops  of  liquid  which  do  not  freeze  until  a  temperature 
has  been  reached  slightly  below  that  at  which  the  solution  as  a 
whole  becomes  solid.  The  change  in  concentration  during  the 
process  of  freezing  naturally  lowers  the  freezing  point  of  those 
portions  of  the  liquid  which  are  last  frozen. 

In  order  to  test  this  point  the  following  experiment  was  tried. 
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The  solution  was  introduced  into  a  thick-walled  glass  tube  of  small 
bore,  and  after  being  sealed  off  at  one  end  was  connected  with 
a  Cailletet  pump.  The  solution  was  then  frozen  by  the  appli- 
cation of  cold  brine.  While  still  surrounded  by  the  brine  and  at  a 
temperature  a  little  below  the  melting  point,  so  that  no  fluorescence 
could  be  seen,  pressures  of  nearly  200  atmospheres  were  applied  by 
means  of  the  pump.  The  frozen  solution  became  fluorescent,  and 
became  inactive  again  when  the  pressure  was  released.  The  slight 
melting  caused  by  pressure,  without  rise  of  temperature,  restored  to 
the  solution  its  power  to  fluoresce.  The  sudden  loss  of  this  power 
is  therefore  not  a  temperature  change,  but  is  determined  by  the 
change  of  state  from  a  liquid  to  a  solid. 

The  behavior  of  fluorescein  in  alcohol  solution  is  entirely  different. 
A  solution  m  absolute  alcohol,  rendered  alkaline  by  the  addition  of 
dry  caustic  soda,  showed  a  fluorescence  only  a  little  less  intense 
than  that  of  an  aqueous  solution.  When  this  solution  was  cooled 
its  fluorescence  persisted  and  even  at  the  temperature  of  liquid  air 
was  only  slightly  diminished.  The  frozen  solution  had  the  brittle 
vitreous  character  usually  exhibited  by  solid  alcohol.     If  the  lumi- 

Table  I. 

Substances  showing  neither  Phosphorescence  nor  Fluorescence  at  — 186  °  C, 

These  substances  are  also  inacdye  at  ordinaiy  temperatures. 

Acetic  acid,  copper  salt  of.  lodol. 

Aceto-nitrile.  Magnesium  oxide. 

Aceto  acetic  ether,  copper  salt  of.  Mercuric-cyanide. 

Ammonia  (liquefied  gas  in  glass  tube).  Nickel  sulphate. 

Amido-azo-benzol.i  Pbenanthraquinone.  ^ 

Azo  benzene.^  Phenyl  iodide. 

Alizarin.*  Phenyl  mustard. 

Arsenic,    As^Oj    (faintly    fluorescent  at      Pinine  (laevo). 

—  i86«  with  X-rays).  Pinine  (dextro). 

Arsenic  sulphide,  As,Sj.»  Prussian  blue. 

Didymium  (aqueous  solution).  Quinone.* 

Ethylene  (liquefied  gas  in  glass  tube).  Selenium  (amorphous). 

Formic  acid,  c(^per  salt  of.  Sulphur  dioxide   (liquefied   gas   in  glass 

Di-nitro-phenol.  tube). 

Eosin,  sodium  salt  of  (solid).  Sulphuric  ether. 

Fluorescein  (solid).  Thorium  oxide  (white). 

Gold  chloride  (solution).  Tri- phenyl -guanadine. 

Gutta  percha.  Vanillin. 
Indigo.  1 

*  Also  tested  with  Rdntgen  Rays  and  found  inactive. 
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Table  II. 

Substances  which  show  Phosphorescence  at  — 186®,  But  no  Fluorescence. 


x8oc. 

Behavior  at -z8G<>C. 

Intensity. 
0 

1  Intensity. 

1 

Duration. 

1           Color. 

X-rays. 

Acetamide, 

1 

blue 

0 

Acetic  acid, 

0 

2 

4 

blue  green 

Acetophenone, 

0 

3 

1        4 

greenish 

Ph(3) 

Albumin  (egg), 

0 

3 

! 

greenish-yellow 

Albumin  (blood), 

0 

1 

Alcohol  (absolute), 

0 

2 

2 

Amyl  acetate. 

0 

3 

i        1 

Anthraquinone, 

0 

4 

'        1 

yellow 

0 

Anthraquinone,  alcoholic  so- 

lution. 

0 

4 

1        4 

bluish-white 

Antipyrine, 

0 

2 

.        3 

* 

Ph(2) 

Arsenic:  As,0,, 

0 

1 

1 

0 

Arsenic  :  As,  •,,  vitreous, 

0 

2 

0 

Arsenic:  As,S,, 

0 

trace 

0 

Asparagin, 

1 

3 

3 

bluish 

0 

Benzaldehyde, 

0 

1 

4 

Ph(l) 

Benzophenone, 

0 

3 

2 

Ph(2) 

Camphor, 

0 

1 

0 

Carbostyril, 

0 

3 

2 

0 

Casein, 

0 

r 

bluish 

Cetyl  alcohol. 

0 

5 

4 

bluish 

Citric  acid. 

1 

3 

3 

greenish 

Coumarin, 

0 

1 

2 

Diogen, 

0 

1 

1 

Erythrite, 

0 

3 

2 

Eucalyptol, 

0 

£&int 

0 

Fusel  oil, 

0 

3 

3 

Glucose, 

0 

2 

3 

Hydrogen  peroxide, 

0 

2 

3 

Hydro- azo-benzene, 

0 

1 

2 

greenish 

0 

Hydroquinone, 

0 

3 

3 

greenish 

Limonene  (dextro), 

0 

1 

1 

Malachite  green  (leuko  com- 

pound), 

0 

3 

3 

greenish 

Menthol, 

fl(trace) 

3 

3 

0 

Meta  carbol, 

2     ; 

5 

3 

green 

Methyl -amine    hydro- 

chloride, 

0 

3 

3 

0 

Metol-Hauff, 

0 

4 

.  1 

blue          ' 

Myricil  alcohol, 

fl(trace) 

5 

3 

blue 

Napthalene, 

0 

1 

Fl(l) 

Palmitic  acid, 

0 

4 

3 

green 
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Table  II. — Continued, 

Substances  which  show  Phosphorescence  at  — 186°,  but  no  Fluorescence. 


xfioc.     1 

Behavior  at  -186°  C. 

Intensity.  1 

Intensity. 

Duration. 

Color. 

X-rays. 

Phenanthrene  *  (alcoholic 

0 

5 

4 

green 

solution). 

Phenolphthalein  (alkaline 

aqueous  solution), 

0 

3 

3 

0 

Phenolphthalein,  alcoholic 

, 

solution, 

0      : 

3 

3 

blue 

Phenyl  acetic  acid, 

0      1 

5 

3 

white 

Ph(3) 

Phenyl  propiolic  acid, 

fl.  (trace) 

1 

Phenyl-thio-carbamide, 

0 

1 

2 

Phenyl-thio-methane, 

0 

1 

2 

0 

Phthalic  acid. 

2)rellowish 

3 

2 

greenish  yellow 

Ph(3) 

Phthalic  anhydride. 

2  greenish 

3 

2 

Ph(l) 

Phthalic  acid  (iso-). 

1  bluish 

4 

3 

blue 

0 

Phthalic  acid  (tere-), 

0         1 

5 

4 

blue 

0 

Phosphorous  pentoxide, 

1 

3 

3 

I^peridene, 

0 

5 

3 

greenish 

0 

Pyradine, 

0 

1 

Pyrocatechin, 

1 

5 

4 

greenj 

Quinine  (alkaloid), 

0        ; 

3 

2 

0 

Qumine  sulphate  (solid). 

0      1 

3 

2 

0 

Quinoline, 

0 

2 

3 

0 

Salicylic  acid. 

fl.  (trace) 

1 

3 

Ph(l) 

Thio-carb*  analide, 

0 

1 

Thiophene, 

0        1 

3 

2 

0 

Theourea, 

0 

faint 

0 

Tolidol  (Pfabe), 

0 

4 

3 

bluish 

1  For  solid  phenanthrene  see  Table  IV. 

Table  III. 

Substances  Showing  Fluorescence  at  Low  Temperatures^  but  no  Phosphorescence, 


ir  C. 

Behavior  at  -186°  C. 

Inteneity. 
0 

Intensity. 

Color. 

X-rays. 

Acridene. 

4 

green 

Carbazol. 

2 

3 

blue-violet 

0 

Cyanin  (alcoholic  solution). 
Eikonogen. 

0 
0 

4 
3 

red 
purple 

fluorescence 

Fuchsin  (alcholic  solution). 

0 

3 

red 

Napthoic  acid. 

3 

5 

blue 

Piperine. 

0 

5 

blue 

Uranium  Nitrate. 

Fluoresce 

nee  not  decreai 

sed  by  cold. 

Uranyl  flnorid-fluor-ammonium. 

4 

4 

green 

Uranium  oxide  (yellow). 

0 

3 

greenish 
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Table  IV. 

Substances  showing  both  Phosphorescence  and  Fluorescence  at  — 186®  C. 


xrc. 

Behavior  at  — 

186°  C. 

Intensity. 

Intensity. 

Duration. 

Color. 

^-Acct-napthalide. 

Ph 

0 

3 

3 

yellow 

Fl 

2 

3 

purple 

X 

— 

— 

— 

Aceto  acetic  cthcr. 

Ph 

0 

3 

3 

white 

n 

0 

1 

— 

bluish 

X 

0 

0 

Acridine  sulphate 

Ph 

0 

1 

2 

(solution). 

Fl 

z 

0 

1 



Anisic  acid. 

Ph 

1 

5 

"2" 

blue 

n 

1 

3 

^lue 

z 

— 

— 

Anthracene. 

Ph 

0 

1 

3 

white 

Fl 

4 

4 

blue 

z 

trace 

trace 

Anthranol. 

Ph 

0 

3 

1 

yellow 

Fl 

z 

0 

4 

lemon  yellow 

Benzoic  acid. 

Ph 

1 

3 

3 

green 

Fl 

0 

3 

blue 

X 

fl.  (trace) 

phos.  (4) 

4 

Calcium  benzoate. 

Ph 

1 

3 

3 

blue 

Fl 

0 

3 

blue 

X 

trace 

phos.  (3) 

white 

Dianthracene. 

Ph 

0 

3 

2 

yellow 

Fl 

2 

4 

blue 

z 

— 

—  ' 

— 

Dimethyl  dianthra- 

Ph 

0 

1 

3 

cene. 

Fl 

trace  (?) 

2 

• 

z 

— 

— 

— 

Diphenyl  methane. 

Ph 

0 

5 

4 

greenish  yellow 

Fl 

3 

3 

purple 

X 

0 
0 

0 

Ethyl  carbamate. 

Ph 

4 

3 

Fl 

0 

2 

X 

0 

0 

Imogen. 

Ph 

0 

1 

Fl 

trace  (?) 

4 

violet 

, 

X 

— 

— 
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Table  IV. — Continued. 

Substances  showing  both  Phosphorescence  and  Fluorescence  at  — 186®  C 
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18OC. 

Behavior  at— zSG^  C. 

■ 

Intensity. 

Intensity. 

Duration. 

Color. 

Mellite. 

Ph 
Fl 

z 

2 
2 
0 

3 

4 
faint 

5 
3 

1 

purple 
purple 

Mellitic  acid. 

Ph 

Fl 

z 

trace 
0 

3 

bluish 
blue 

Methyl  salydlate. 

Ph 
Fl 

X 

0 
0 
0 

1 

4 

trace 

2 

blue 

Oxalic  acid. 

Ph 
Fl 

X 

0 
0 

1 
2 

2 

white 
violet 

Phenanthrene. 

Ph 
Fl 

z 

0 
2 
2 

4 
4 
3 

2 

yellow 
blue 

Quinine  sulphate 
( aqueous  solution ) . 

Ph 
Fl 

z 

0 
4 

3 
4 

blue 

Stearic  acid. 

Ph 

Fl 

X 

0 

1 

5 
0 

1 

green 

Tetra-chlor  phthalic 
acid. 

Ph 
Fl 

X 

0 
0 
0 

3 
4 

5(F1.) 

2 

blue 
white 

Tri -phenyl  methane. 

Ph 
Fl 

X 

0 
2 
0 

3 
2 
0 

4 

white 
blue 

nescence  of  fluorescein  is  due  to  its  dissociation  we  arc  thus  forced  to 
conclude  that  dissociation  is  still  possible  in  solid  alcohol  at  a  tem- 
perature of  —  186°  C. 

Instances  are  not  lacking  where  substances  that  are  closely  re- 
lated chemically  behave  in  a  similar  manner  as  regards  their  lumin- 
escence at  low  temperatures.  Benzoic  acid  and  calcium  benzoate 
offer  a  good  illustration.  The  various  members  of  the  phthalic  acid 
group  also  show  a  general  similarity  in  their  behavior.  But  at- 
tempts to  trace  a  general  relation  between  luminescence  and  chemical 
structure  have  not  been  successful. 
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SOME   FURTHER   OBSERVATIONS   ON    THE    RADIA- 
TION  PRODUCED   IN   AN   ALTERNATING 
CONDENSER   FIELD. 

By  Fernando  Sanford. 

T  N  an  article  published  in  the  Physical  Review  of  December, 
1903,  Vol.  XVIL,  p.  441,  the  present  writer  described  some 
experiments  which  had  been  made  on  a  form  of  radiation  which  is 
given  off  from  the  kathode  of  an  air  condenser  connected  to  the 
terminals  of  an  induction  coil.  It  was  shown  that  this  radiation  is 
capable  of  refraction,  total  reflection  and  polarization,  but  when  the 
article  was  written  its  wave-length  had  not  been  measured.  Since 
that  time  I  have  succeeded  in  measuring  the  wate-length  of  the 
radiation  from  several  metals  and  have  made  some  observations 
which  enable  me  to  explain  some  of  the  phenomena  which  were  not 
before  understood  and  to  correct  an  erroneous  conclusion  as  to  the 
two  kinds  of  radiation  which  were  supposed  to  be  sent  off  from 
metal  plates  placed  in  the  field  of  the  condenser. 

The  wave-fength  measurements  were  made  by  means  of  a  Wal- 
lace celluloid  replica  of  a  Rowland  plane  grating  having  14,438 
lines  to  one  inch.  This  grating  was  found  to  be  fairly  transparent 
to  the  radiation  and  to  give  definite  spectra  of  the  first  order.  The 
grating  was  placed  over  a  slit  about  3  mm.  wide  cut  in  a  hard  rubber 
screen  which  was  placed  between  the  source  of  the  radiation  and  a 
photographic  plate.  The  distance  of  the  grating  from  the  sensitive 
plate  was,  in  the  various  experiments,  from  4  cm.  to  5  cm.  This 
distance  gave  a  displacement  of  the  first  diffracted  image  of  the  slit 
of  from  8  mm.  to  more  than  i  cm.  The  bands  were  generally 
sharply  defined  in  the  photographs,  indicating  that  the  radiation  was 
virtually  all  of  one  wave-length  from  a  given  metal,  and  their  dis- 
placement could  be  measured  to  within  two  or  three  tenths  of  a 
millimeter.  The  distance  between  the  grating  and  the  sensitive 
plate  could  be  measured  with  a  still  higher  percentage  of  accuracy, 
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SO  that  the  error  of  measurement  of  the  wave-length  ought  not  to 
exceed  four  per  cent.  As  a  matter  of  fact,  four  different  measure- 
ments of  the  wave-length  from  copper  were  made  at  different  times 
using  different  copper  strips  as  radiators  and  with  different  distances 
between  the  grating  and  the  plate  with  a  maximum  difference  in  the 
four  measurements  of  only  i  per  cent.  This  close  agreement  must 
be  regarded  as  accidental,  but  it  is  believed  that  the  measurements 
are  in  general  accurate  to  within  four  per  cent. 

The  wave-lengths  so  far  determined  are  as  follows:  For  the 
radiation  from  aluminum  and  from  silver,  A  =  350 iipi.  For  the  radi- 
ation from  copper  X  =  1721111  and  for  the  zinc  radiation  k  =  i77 1^1^- 
As  predicted  in  the  preceding  paper,  this  radiation  is  in  the  ultra- 
violet part  of  the  spectrum  and  only  a  short  distance  beyond  the 
visible  spectrum. 

No  difference  was  found  in  the  wave-length  of  the  radiation  from 
a  piece  of  sheet  copper  when  it  was  connected  to  the  kathode  of 
the  induction  coil  and  when  it  was  insulated  between  the  plates  of  a 
tinfoil  condenser  and  gave  off  the  radiation  by  induction.  This 
observation  contradicts  one  of  the  conclusions  of  the  former  paper 
concerning  two  kinds  of  radiation  from  a  metal  plate  when  insu- 
lated in  the  condenser  field.  The  preceding  paper  mentioned  the 
fact  that  when  a  strip  of  sheet  metal  was  used  as  the  radiator  and 
an  opaque  screen  with  a  slit  was  placed  between  the  radiator  and 
the  sensitive  plate  two  images  of  the  slit  were  regularly  formed  on 
the  plate,  and  that  when  a  prism  was  placed  across  a  part  of  the 
slit  these  two  images  were  sometimes  differently  refracted.  In  the 
experiments  where  the  radiating  plate  was  connected  directly  to  the 
kathode  but  one  image  of  the  slit  was  produced,  and  reasons  were 
given  for  believing  that  these  two  images  were  produced  by  re- 
flected and  induced  radiation.  A  further  attempt  to  trace  the  origin 
of  the  two  images  has  shown  that  they  were  due  to  the  radiation 
from  the  two  opposite  edges  of  the  metal  strip.  Even  the  earliest 
experiments  in  coin  photography  showed  that  the  intensity  of  the 
radiation  from  the  edges  and  convex  surfaces  of  the  coins  was 
greater  than  from  the  plane  faces,  and  this  fact  was  mentioned  in 
the  paper  on  **  Some  Experiments  in  Electric  Photography  "  in  the 
Physical  Review,  Vol.   II.,  p.  60,  but  this  difference  was   not 
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thought  to  be  great  enough  to  account  for  the  phenomenon  of  the 
double  image,  though  it  was  several  times  suspected  to  be  the 
cause.  The  experiments  with  th^  radiator  connected  to  the 
kathode  seemed  to  exclude  this  explanati^m,  but  in  those  experi- 
ments a  larger  radiator  was  used  and  it  wa^  arranged  so  that  only 
the  radiation  from  the  central  part  of  the  plate  could  reach  the  sen- 
sitive plate  through  the  slit. 

Later  experiments  have  shown  that  when  a  thin  piece  of  sheet 
metal  is  used  as  a  radiator  nearly  all  the  radiation  is  from  its  edges. 
This  radiation  is  diffuse,  and  apparently  goes  off  in  one  direction 
nearly  or  quite  as  well  as  in  another.  Accordingly  when  a  narrow 
strip  of  sheet  metal  was  used  as  a  radiator,  as  described  on  page 
45 1  of  the  former  paper,  each  edge  served  as  a  line  source  of  radia- 
tion and  two  images  of  the  slit  were  produced.  Since  the  radiation 
from  the  two  sources  passed  through  the  prism  at  different  angles 
of  incidence  their  deviation  by  the  prism  was  different,  and  accord- 
ingly there  seemed  to  be  two  kinds  of  radiation  having  different  re- 
fractive indices.  Many  experiments  have  since  been  made  with 
radiators  of  various  width,  both  connected  to  the  kathode  and  in- 
sulated in  the  condenser  field,  and  there  can  be  no  doubt  of  this 
being  the  true  explanation  of  the  two  images  of  the  slit.  In  the 
latest  experiments  the  radiating  plate  has  been  placed  horizontal 
between  the  two  horizontal  condenser  plates  with  one  edge  in  front 
of  and  parallel  to  a  horizontal  slit  in  the  opaque  screen.  With  this 
arrangement  only  one  image  of  the  slit  is  produced  and  a  narrower 
slit  can  be  used  than  in  the  former  experiments. 

The  sharp  lines  of  separation  between  the  radiations  from  the 
two  radiating  surfaces  when  separated  by  the  glass  prism  as  shown 
in  the  photographs  on  pp.  446  and  447  of  the  former  paper  are 
also  explained  by  this  phenomenon.  When  feeble  radiators,  as 
wood,  paper,  mica  and  glass  are  used,  the  principal  source  of  radia- 
tion which  reached  the  photographic  plate  was  the  edge  of  the 
radiating  strip  nearest  the  prism.  The  other  edge  of  the  strip  was 
so  far  away  that  its  effect  upon  the  central  part  of  the  photographic 
plate  was  inappreciable  in  the  photograph.  When  a  metal  plate 
was  used  as  a  radiator  the  radiation  from  its  farther  edge  was  still 
strong  enough  to  be  appreciable  on  the  part  of  the  plate  which 
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also  received  the  radiation  from  the  wood  or  paper  on  the  other 
side. 

The  same  phenomenon  likewise  explains  the  fact  that  when  a 
window  was  cut  in  the  top  of  the  box  camera  and  covered  with  the 
metal  kathode  the  intensity  of  the  radiation  upon  the  sensitive  plate 
beneath  was  not  sensibly  greater  than  when  the  whole  box  was 
covered  by  the  papier  maclii  slic^e.  This  was  due  to  the  fact  that 
but  little  radiation  was  sent  off  rom  the  central  part  of  the  kathode 
plate  which  was  placed  over  the  window. 

To  sum  up  the  observations  to  the  present  time,  it  may  be  said 

that  when  the  terminals  of  an  induction  coil  are  connected  to  the 

plates  of  an  air  condenser  and  the  current  is  interrupted  in  the 

primary  coil  the  kathode  plate  gives  off  a  radiation  which  possesses 

many,  if  not  all,  the  properties  of  ordinary'  ultra-violet  light     The 

wave-length  of  this  radiation  differs  when  the  kathode   plate   is 

made  of  different  metals,  and  for  the  metals  aluminum,  silver,  copper 

and  zinc  it  lies  between  350  j"//  and  380  /i//.     If  a  plate  of  metal  or 

other  substance  be  placed  between  the  condenser  plates  it  gives  off 

the  same  radiation  as  when  joined   by  conducting  wires  to  the 

kathode,  but  with  less  intensity.     In  the  case  of  a  copper  plate 

between  tinfoil  condenser  plates  this  induced  radiation  has  the  same 

wave-length  as  when  the  copper  plate  is  made  the  kathode  of  the 

condenser.     Every  body  which  has  yet  been  tried  may  serve  as  a 

source  of  this  induced  radiation. 

Stanford  University, 
February  6,  1904. 
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PROCEEDINGS 

OF   THE 

American  Physical  Society. 

The  Hall  Effect  in  the  Electric  Arc.  * 
By  C.  D.  Child. 

IF  two  carbon  pencils  are  so  placed  in  an  arc  that  there  is  little  or  no 
potential  difference  between  them,  a  potential  difference  is  pro- 
duced by  creating  a  magnetic  field  about  the  arc.  This  may  be  as  high 
as  1.5  volts.  It  appears  to  be  similar  to  the  Hall  effect  in  metals,  and 
if  it  is  this  effect,  it  would  show  that  the  negative  ions  have  a  velocity 
enormously  greater  than  that  of  the  positive. 

The  effect  can  not.  be  produced  by  blowing  the  arc  to  one  side,  nor 
by  moving  the  carbon  pencils  to  one  side  of  the  arc.  Rapidly  reversing 
the  field  and  with  each  reversal  reversing  the  connections  to  the  volt- 
meter does  not  diminish  the  effect. 

The  effect  decreases  with  decreasing  strength  of  the  field.  Changes 
in  the  current  through  the  arc  and  in  the  length  of  the  arc  do  not  ap- 
preciably influence  it. 

Putting  salts  in  the  arc  diminishes  the  drop  of  potential  at  the  anode 
and  it  also  diminishes  the  effect  here  studied.  With  KNO,  the  anode 
drop  becomes  as  small  as  the  cathode  and  with  it  the  potential  difference 
betweefi  the  two  pencils  becomes  approximately  zero. 

However,  in  a  vacuum  where  the  pressure  is  approximately  i  cm.  of 
mercury  the  effect  also  disappears  and  here  the  ratio  between  the  drop  at 
the  anode  and  that  at  the  cathode  is  nearly  the  same  as  in  air  at  normal 
pressure.  With  an  enclosed  arc  the  effect  is  the  same  as  in  air.  Dimin- 
ishing the  pressure  of  air  produced  no  great  change  in  the  observed 
potential  difference  until  a  pressure  of  20  cm.  was  reached.  Between 
that  and  10  cm.  the  effect  was  greatly  diminished,  and  between  10 
cm.  and  1  cm.,  as  far  as  could  be  observed,  it  entirely  disappeared. 
Though  the  ratio  between  the  anode  and  the  cathode  drop  is  not  greatly 

1  Abstract  of  a  paper  presented  at  a  meeting  of  the  Physical  Society  held  on  February 
27,  1904. 
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changed,  they  each  separately  decrease,  the  principle  change  being  be- 
tween pressures  of  20  cm.  and  i  cm. 

The  effect,  therefore,  is  not  diminished  by  any  change  in  the  ratio 
between  the  anode  and  cathode  drop  in  potential,  but  as  far  as  has  now 
been  observed  it  decreases  when  the  voltage  between  the  terminals  of  the 
arc  decreases,  becoming  inappreciable  when  this  becomes  less  than  about 
30  volts. 

No  definite  explanation  can  at  present  be  given  of  the  observed  phe- 
nomena. 
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NEW  BOOKS. 

Thcrmodynamik,  Sammlung  Schubert,  xxxix.  By  Dr.  W.  Voigt, 
Professor  der  theoretischen  Physik  an  der  Universitat  Gottingen.  I. 
Band.  Einleitung  :  Thermometrie,  Kalorimetrie,  Warmeleitung.  — 
Erster  Teil:  Thermisch-mechanische  Umsetzungen.  Mit  43  Fig- 
uren.  13X  19  cm.;  pp.  xv  +  360.  Leipzig,  G.  J.  Goschensche  Ver- 
lagshandlung,  1903.     Price,  cloth,  10  marks. 

It  is  not  improbable  that  the  best  way  to  present  the  subject  of  ther- 
modynamics is  to  give  an  account  of  its  history  —  to  show  how,  step  by  * 
step,  difficulties  arose  and  were  overcome,  until  the  present  beautiful 
body  of  theory  was  attained.  Yet  there  is  much  to  be  said  in  favor  of  a 
more  deductive  treatment.  On  this  plan,  the  first  and  second  laws  of 
thermodynamics  may  be  established  by  inductive  reasoning,  the  criteria 
of  equilibrium  and  of  stability  be  obtained  through  formulation  of  the 
spontaneous  dissipation  of  work-availability,  and  from  this  basis  the  dif- 
ferential theory  of  the  subject  be  developed  in  an  orderly  manner,  and 
illustrated  by  such  approximate  integral  theory  as  is  at  present  possible. 
This  is  an  interesting  and  instructive  method,  and  it  has  the  advantage 
of  introducing  the  absolute  temperature  without  any  appeal  to  the  prop- 
erties of  those  overworked  hypothetical  substances,  the  ideal  gases. 

In  the  present  work,  Voigt  has  followed  neither  the  one  nor  the  other 
of  these  two  plans.  In  his  treatment  the  influence  of  the  historical 
method  is  noticeable,  for  the  theory  of  the  subject  is  approached  through 
the  properties  of  ideal  gases.  The  text  of  the  present  first  volume  is 
arranged  in  four  chapters  and  an  introduction.  The  introduction  dis- 
cusses thermometry,  caloriraetry,  and  heat-conduction.  In  the  first 
chapter,  an  outline  of  the  elements  of  the  mechanics  of  a  particle  and  of 
a  system  of  particles  is  made  to  lead  up  to  recognition  of  the  equivalence 
of  work  and  heat.  The  second  chapter  works  up  the  thermodynamics  of 
ideal  gases.  In  the  third  chapter  the  second  law  is  developed  for  bodies 
whose  states  of  thermodynamic  equilibrium  are  determined  by  two  inde- 
pendent variables  ;  and  in  the  fourth  the  principles  of  thermodynamics 
are  applied  to  systems  whose  states  are  determined  by  any  number  of  vari- 
ables. This  concludes  the  volume  and  the  first  part  of  the  work.  Sub- 
sequent parts  are  to  deal  with  chemical  processes  and  changes  of  state  of 
aggregation,  electromagnetic  actions,  and  applications  of  the  principles 
of  thermodynamics  to  radiation  phenomena. 
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It  is  thus  apparent  that  the  treatment  is  given  a  wide  scope.  This  is 
doubtless  the  excuse  for  the  inclusion  in  the  introduction  of  thirty  pages 
on  the  theory  of  the  conduction  of  heat.  Some  of  the  space  so  taken 
might  better  have  been  occupied  by  a  clear  explanation  of  how  it  is  that 
the  laws  of  Boyle  and  Gay-Lussac  lead  to  the  scale  of  temperatures  of  the 
ideal-gas  thermometer.  The  brief  statement  in  the  text  is  not  clear. 
The  laws  in  question  are  not  even  stated  separately.  In  the  section 
on  calorimetry  the  idea  of  a  quantity  of  heat  is  introduced  by  means 
of  the  caloric  fluid  hypothesis.  This  interpretation  of  a  certain  class  of 
facts  is  well  enough  as  a  matter  of  history,  yet  in  this  age  of  the  world  it 
should  be  emphatically  pointed  out  that  by  a  "quantity  of  heat*'  is 
meant  the  work  value  of  a  definite  kind  of  change  of  the  state  of  a  body. 
It  is  to  be  noted  at  this  point  that  Voigt  employs  Carl  Neumann's  hook- 
shaped  d  to  indicate  an  inexact  differential  expression.  This  is,  of 
course,  a  matter  of  no  moment ;  yet  the  reviewer  is  grieved  to  see  Voigt' s 
own  admirable  notation  iCQ  abandoned  in  favor  of  Neumann's  imprac- 
ticable idea.  Apart  from  these  details,  Voigt's  discussion  of  thermom- 
etry and  calorimetry  can  only  be  commended. 

In  Chapter  I.,  **The  Equation  of  Energy  and  the  Mechanical 
Equivalent  of  Heat,"  the  mechanical  principle  of  the  conservation  of 
energy  is  derived.  Thenj  from  the  experimentally  established  equiva- 
lence of  work  and  heat,  it  is  concluded  that  additions  of  work  and  heat 
to  a  body  **  increase  the  work -availability,  the  energy,  of  the  body," 
and  the  first  law  of  thermodynamics  is  written  down.  The  relation  of 
this  law  to  the  impossibility  of  a  "perpetual  motion  of  the  first  kind" 
is  discussed,  a  half  dozen  methods  of  determining  the  mechanical  equi- 
valent are  described,  and  the  law  is  applied  to  the  heat-development  of  a 
falling  meteor  and  to  the  Mayer  and  Helmholtz  theories  of  solar-heat. 
It  is  not  made  clear  that  the  "mechanical  equivalent"  is  the  specific 
heat  of  water. 

We  now  come,  in  Chapter  II. ,  to  the  thermodynamics  of  ideal  gases. 
Here  preference  is  throughout  given  to  volume  and  pressure  as  inde- 
pendent variables.  By  the  "  absolute  teperature"  0  is  meant  the  tem- 
perature-reading of  the  ideal -gas  thermometer.  Reversible  changes  of 
the  state  of  a  homogeneous  body  under  uniform  pressure,  in  particular 
reversible  isometric,  isobaric,  isothermal,  adiabatic,  and  isodynaraic 
paths,  are  described.  The  existence  of  a  family  of  reversible  adiabatic 
paths  is  gotten  at  by  writing  the  heat  equation  in  the  form 

d'il  =  Q^dV+a^dp^o, 

which,  being  always  integrable,  leads  to  a  relation 
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where  H  is  the  parameter  of  the  ^mnily  of  adiabatics.     Hereupon  we  find 

d'Q^  f  (^,  e)dH'\-  ip\H,  0)d0, 

or,  since  d'Q  varnishes  for  constant  H^ 

d'Q^ifi^H,  e)dH, 

a  result  that  is  not  calculated  to  help  the^  beginner  much.  Now  the 
existence  of  ideal  gases  is  assumed,  and  it  is  shown  that,  for  the  differ- 
ential of  the  energy  of  the  mass  M^ 

dE  =r  Aff^de, 

The  argument  is  clumsy,  because  of  the  selection  of  F,  /  as  state-vari- 
ables. Then,  by  an  untransparent  calculation  that  to  a  beginner  could 
seem  only  a  juggling  with  equations,  we  finally  find,  after  one  hundred 
and  twenty-two  pages, 

d'Q  =«  0dH. 

Next,  the  form  of  /T  «=  /(  V,  /)  is  found ;  it  is  shown  that  over  a  rever- 
sible cycle  f(d'Q/0)  =  o ;  and  H  is  termed  the  entropy  of  the  ideal 
gas.  The  remainder  of  the  chapter  is  concerned  with  the  ratio  Tp/T* 
of  the  specific  heats,  an  extensive  geometrical  and  physical  study  of 
curves  of  the  form  F*/  =  /,  a  detailed  examination  of  various  reversible 
cycles  with  ideal  gases,  and  applications  to  convective  equilibrium  in 
the  earth's  atmosphere  and  in  a  gravitating  gaseous  sphere. 

After  nearly  two  hundred  pages  of  text.  Chapter  III.  takes  up  the  gen- 
eral examination  of  the  thermodynamics  of  bodies  whose  states  are 
determined  by  two  variables.  From  the  fundamental  principles  of 
Clausius  and  of  Thomson  it  is  concluded  that  the  efficiency  of  a  Camot 
cycle  is  independent  of  the  working  system,  and  the  formulation  d'Q  = 
OdN  is  established.  No  reference  is  made  to  the  clarifying  principle  that 
only  processes  that  will  spontaneously  occur  can  be  utilized  as  compen- 
sation for  the  doing  of  work.  The  laws  of  thermodynamics  are  now 
applied  to  yield  Maxwell's  ** thermodynamic  relations"  in/,z;,  r,^,  p,0, 
and  Offi.  The  relations  in  v,r)  and  p,r}  are  omitted.  Further  formula- 
tions obtained  are  those  for  the  specific  heats  and  for  the  heat-differential, 
in  the  same  pairs  of  variables.  A  short  sketch  of  the  properties  of  the 
**  first  and  second  thermodynamic  potentials*'  (the  free  energy  and  the 
thermodynamic  potential)  is  added. 

A  section  on  liquids  and  solids  gives  certain  special  applications  of  the 
thermodynamic  equations  to  these  states.  On  the  whole  the  treatment 
is  good,  yet  one  is  surprised  to  find  that  in  the  energy  equation  in  vol- 
ume and  temperature, 

^e^.r/d^^^p—e^^^'jdv, 
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the  term  in  dv  is  asserted  to  represent  an  absorption  of  work  unaccom- 
panied by  transfer  of  heat.  Surely  this  is  nonsense.  It  seems  to  have 
been  assumed  that  y/id  is  the  total  absorption  of  heat. 

The  heading  of  a  section  on  ''actual  *'  gases  is  disturbing,  since  we 
have  been  so  confidently  assured  of  the  existence  of  gases  ideal  "  in  voller 
Sirenge, ' '  The  section  gives  a  good  treatment  of  the  porous-plug  ex- 
periment, and  of  the  theory  of  Linde's  refrigerating  machine.  Up  to 
this  point  (for  240  pages)  the  temperature  has  appeared  in  all  formulas 
as  the  temperature  0  ^pvjB  of  the  ideal -gas  thermometer.  Apparently 
the  appearance  of  "actual"  gases  is  making  trouble,  for  now  Thomson's 
scale  of  absolute  temperatures  is  taken  up.  The  scale  is  defined,  and  it 
is  shown  how  the  results  of  work  with  the  porous-plug  may  be  utilized  for 
the  correction  of  the  scale  of  a  gas-thermometer.  A  section  on  the  in- 
crease of  the  entropy  of  an  isolated  two-variable  system  during  sponta- 
neous change,  and  one  on  the  thermodynamic  behavior  of  a  stressed  cyl- 
indrical solid,  complete  the  chapter. 

The  closing  chapter,  on  the  thermodynamics  of  bodies  whose  states 
are  determined  by  any  number  of  variables,  need  not  be  discussed  ;  since 
the  character  and  plan  of  the  book  should  be  sufficiently  gauged  from 
what  has  already  been  said.  It  seems  to  the  reviewer  that  here,  as  else- 
where, the  treatment  is  characterized  rather  by  command  of  detail  than 
by  breadth  of  view. 

The  work  appears  in  the  Sammiung  Schubert,  a  series  of  text-books  on 
various  topics  of  pure  and  applied  mathematics.  The  mechanical  execu- 
tion is  not  what  it  should  be,  none  of  the  books  of  this  series  are  very 
easy  to  read.  The  proofreading,  however,  has  been  well  done ;  and  the 
author  has  done  what  he  could  to  relieve  the  eye,  by  breaking  the  text 
into  short  articles  with  topical  headings.  This  is  a  distinct  help.  Very 
few  references  to  the  original  literature  are  given.  The  volume  is  dedi- 
cated to  Lord  Kelvin.  J.  E.  Trevor. 

Elementary  Applied  Mechanics,      By    Alexander    &    Thomsok. 

The  Macmillan  Co.,  New  York,  1902. 

Starting  with  a  brief  presentation  of  the  subject  of  lineal  stress  and 
strain  the  first  chapter  of  this  book  includes  also  a  discussion  of  elasticity 
and  resilience.  These  subjects  aVe  very  clearly  presented  and  thoroughly 
prepare  the  reader  to  understand  these  terras  as  used  in  the  analytical 
discussions  which  follow  in  the  body  of  the  book.  Chapter  2  treats  of 
internal  stress  and  strain,  simple  and  compound.  Chapter  3  is  devoted 
to  Rankine*s  method  of  the  ellipse  of  stress,  giving  the  direct  and  in- 
verse problems  and  illustrating  them  by  photographs  of  a  moving  model. 
Next  follow  Chapters  4  and  5  treating  the  practical  application  of  the 
foregoing  discussions  to  the  stability  of  earth  work  and  the  scientific 
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design  of  masonry  retaining  walls.  These  first  5  chapters  form  as  it  were 
the  first  division  of  the  book. 

It  should  be  noted  here  that  the  authors  make  and  maintain  a  careful 
distinction  between  the  terms  strain  and  stress,  the  first  invariably  de- 
noting distance,  the  latter  force.  The  term  strain  always  means  the 
stretch  due  to  a  tensile  stress  or  the  shrinkage  due  to  a  compressive 
stress.  The  use  of  these  terms  in  this  way  is  rigidly  adhered  to  through- 
out and  leaves  no  lingering  doubt  in  the  mind  of  the  reader  as  to  the 
appropriateness  of  such  a  distinction. 

Beginning  with  transverse  stress  in  Chapter  6  the  next  eight  chapters 
to  Chapter  14  inclusive  are  taken  up-with  a  discussion  of  the  different 
methods  of  loading  beams  and  girders,  and  of  the  resulting  bending 
mom^ts  and  shearing  stresses,  including  a  discussion  of  the  continuous 
girder.  Next  follows  the  subject  of  resistance  to  bending  and  shearing 
with  the  introduction  of  moments  of  inertia  of  the  usual  shapes,  the  treat- 
ment being  both  analytical  and  graphical  and  very  completely  illustrated  by 
practical  examples.  In  Chapter  19  there  is  a  short  presentation  of  the 
subject  of  torsion,  and  combined  bending  and  torsion,  followed  by  the 
subheading:  **  Thrust  and  Induced  Bending,"  under  which  heading  the 
Rankine-Gordon  formula  for  columns  is  analytically  deduced.  The 
treatment  of  this  subject  of  column  formulae,  to  which  most  modem 
writers  have  devoted  much  space,  is  here  very  brief,  being  confined  to 
the  rational  and  empirical  development  of  the  Rankine-Gordon  formula, 
all  others  being  brushed  aside  in  the  following  language  :  **  This  formula 
for  many  years  was  thought  to  be  too  general  and  in  America  most  emi- 
nent engineers  made  formulae  of  their  own  of  like  form  but  varied  to  suit 
different  cross  sections,  in  a  way  that  led  to  great  confusion.  Fidler  in 
the  most  skilful  way  arranged  the  Rankine-Gordon  formula  in  tabulated 
results  which  agree  with  great  exactness  with  the  results  of  more  recent 
exhaustive  and  elaborate  experiments  made  on  struts  with  the  skeleton 
sections.  His  tabulated  results  agree  also  with  the  results  of  the  special 
formulae  for  special  section. '  * 

The  authors'  criticism  of  Euler's  formula  is  also  worth  noting:  **In 
our  opinion  Euler*s  formula  is  quite  unsuited  for  struts  for  heavy  engineer- 
ing steel  work.  Euler  contemplates  a  load  which  will  just  not  bend  the 
strut.  Now  the  whole  duty  of  a  steel  strut  in  a  structure  is  to  resist 
bending  and  bend  it  will  no  matter  how  it  is  designed,  for  it  will  take  a 
set  to  one  side  or  other  with  its  own  weight  if  with  nothing  else  ;  for  the 
weight  of  the  immense  struts  in  modern  structures  is  very  considerable. 
Also  heat  will  distort  a  strut ;  and  in  riveted  work  the  straining  of  the 
adjacent  members  sends  bending  strains  along  a  strut,  which  must  be 
designed  with  an  ample  radius  of  gyration,  and  it  is  undesirable  to  talk 
about  a  load  which  will  just  not  bend  it." 
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Chapter  20,  treating  of  the  steel  arched  girder  or  the  braced  arch,  as 
Americans  usually  term  it,  is  in  the  writer's  opinion,  the  most  unsatis- 
factory chapter  in  the  book.  The  subject  is  thoroughly  discussed  in  a 
general  way  and  under  all  conditions,  but  there  is  no  analytical  treat- 
ment of  the  particular  cases,  and  it  is  almost  inconceivable  that  a  begin- 
ner, having  read  the  book  conscientiously  up  to  this  point  should  be  able 
to  understand  from  the  graphical  presentation  here  given,  how  to  take 
out  the  stresses  in  a  braced  arch.  **  For  bridges,'*  say  the  authors, 
•  *  the  steel  arched  girder  seems  likely  to  entirely  supersede  the  suspension 
bridge."  This  statement  may  be  true  to  some  extent  with  English 
engineers,  but  American  Engineers  as  a  rule  are  governed  in  the  selec- 
tion of  the  braced  arch  or  the  suspension  bridge  by  the  local  conditions 
and  problems  which  affect  the  cost  and  which  have  to  be  solved  for  each 
case  specially  and  separately.  Such  a  statement  as  that  quoted,  there- 
fore, seems  wide  of  the  mark. 

In  Chapter  21,  on  the  other  hand,  there  is  a  very  simple  and  complete 
discussion  of  the  analysis  of  triangular  trussing  of  girders  with  horizontal 
chords.  The  authors  claim  to  have  followed  the  demonstrations  of  L6vy 
on  this  subject,  but  they  have  gone  further  in  some  instances  and  the 
writer  has  seen  no  better  presentation  of  this  subject  in  the  English  lan- 
guage than  is  here  found.  The  treatment  is  thoroughly  analytical  con- 
taining rational,  not  empirical,  solutions  for  the  necessary  and  sufficient 
weight  of  a  girder.  This  chapter  alone  should  make  the  book  of  great 
value  to  the  reference  library. 

The  last  Chapter,  22,  deals  with  the  scientific  design  of  masonry 
arches  and  contains  graphical  as  well  as  analytical  solutions  of  the  prob- 
lems involved,  and  several  tables  of  practical  value.  Carefully  prepared 
examples  illustrate  this  part  of  the  work  and  the  pictorial  illustrations  are 
particularly  instructive  and  intelligible. 

As  a  whole,  this  work  is  much  too  analytical  to  become  an  elementary 
text  book  for  American  students,  but  possesses  great  value  as  a  reference 
work  for  those  wanting  a  more  detailed  analysis  of  some  of  the  subjects 
than  is  presented  in  the  ordinary  text  books.  An  abstract  analysis  of 
the  most  general  case  is  not  as  easily  comprehended  and  applied  by  the 
beginner  as  are  separate  solutions  of  the  most  useful  particular  cases. 
The  graphical  demonstrations  of  many  of  the  problems  are  somewhat 
cumbersome  and  not  presented  clearly  enough  for  the  beginner,  but  in 
justice  to  the  authors,  it  should  be  said  that  they  disclaim  any  intention 
of  teaching  the  subject  of  graphical  statics  in  this  volume.  The  analyti- 
cal demonstrations,  on  the  other  hand,  are  for  the  most  part  very  clear 
and  thorough  and  their  practical  application  is  illustrated  by  carefully 
prepared  examples. 

All  of  the  subject  matter  of  the  book  has  been  arranged  with  careful 
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attention  to  a  rational  development,  the  different  theorems  and  demon- 
strations being  built  up  step  by  step  consecutively  from  preceding  matter. 
A  discussion  of  the  practical  value  ot  results  arrived  at  seems  to  have  been 
secondary  to  the  main  object  of  establishing  a  complete  theoretical  de- 
velopment of  the  elementary  subject.  There  is  little  or  no  reference  to 
such  practical  topics  as  factors  of  safety,  permissible  unit  stresses,  wind 
forces,  details  of  construction,  or  shop  practice,  etc. ,  etc. ,  which  are  usu- 
ally given  prominence  by  modern  writers  on  applied  mechanics.  It  is 
perhaps  as  well  to  separate  topics  relating  to  strength  and  quality  of 
materials  from  a  theoretical  work  on  mechanics,  although  it  is  not  usually 
done.  All  things  considered  it  seems  that  this  volume  might  have  been 
more  appropriately  called  "Theoretical  Applied  Mechanics"  if  not  an 
inconsistent  title.  W.  W.  Crehore. 

Astrophysical  Problems,     By  Agnes  M.  Clerke.     London,  A.  & 
C.  Black,  1903.     Pp.  545. 

Miss  Qerke's  admirable  presentation  of  the  past  and  present  of  astro- 
physical  knowledge  in  this  book  supplies  the  astrophysicist  with  a  com- 
pendium of  facts  and  a  body  of  discussions  which  will  doubtless  in  many 
cases  serve  as  the  starting  points  for  new  discovery.  After  an  introduc- 
tion, the  main  divisions  are:  (i)  Problems  in  Solar  Physics,  (2)  Prob- 
lems in  Sidereal  Physics.  Fourteen  chapters  are  devoted  to  minute  and 
particular  discussion  of  the  various  aspects  and  problems  connected  with 
corona,  chromosphere,  reversing  layer,  and  photosphere,  together  with 
the  problems  of  **  the  sun's  rotation,'*  **  the  solar  cycle,"  and  '*  the  sun 
as  a  whole." 

In  part  2,  after  an  introductory  chapter  on  the  progress  of  sidereal 
physics,  twelve  chapters  are  devoted  to  the  classification  of  stellar  spectra 
and  a  discussion  of  spectral  types.  The  subject  of  stellar  variables  is 
is  treated  at  length  in  eight  chapters,  including  a  chapter  on  temporary 
stars.  Star  clusters  are  treated  in  four  chapters,  and  nebulae  in  ten. 
The  book  closes  with  a  discussion  of  the  physics  of  the  Milky  Way. 
A,n  appendix  contains  a  table  of  stars  with  variable  spectra,  and  a  list  of 
spectroscopic  binaries.  The  book  has  been  very  cdrefully  and  fully  in- 
dexed, and  abundant  references  to  the  literature  appear  as  footnotes  to 
the  text.  That  the  illustrations,  which  are  numerous,  are  not  equal  to 
the  text  is  due  to  the  selection  by  the  publisher  of  a  soft  rough-surfaced 
paper,  not  well  suited  to  bring  out  that  fineness  of  detail  in  the  plates 
which  is  indispensable  in  the  reproduction  of  star  and  spectrum  photo- 
graphs. 

The  book  is  more  than  a  compendium  or  compilation  of  feet  and  the- 
ory, it  is  an  interpretation  of  results  and  a  judicial  weighing  of  evidence. 
Even  in  parts  of  the  subject  where  evidence  is  most  chaotic,  and  the  dis- 
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cussion  most  involved,  the  exposition  is  clear  and  the  main  points  at  issue 
are  rarely  lost  sight  of.  The  work  abounds  in  suggestion  and  often  indi- 
cates specifically  the  directions  in  which  important  new  facts  should  be 
sought.  The  clear  and  vivacious  style  of  the  author,  in  which  the  utmost 
possibilities  of  our  language  are  employed  to  avoid  the  sin  of  vain  repeti- 
tions, makes  the  presentation  of  facts,  however  dry  and  wearisome  in 
themselves  always  lively  and  interesting  reading.  To  the  physicist  the 
book  will  prove  a  valuable  possession,  to  the  astrophysicist  it  must  needs 
be  indispensable.  If  equal  talent  could  be  induced  to  do  for  other  col- 
lateral branches  of  physics  what  Miss  Gierke  has  so  successfully  done  for 
astrophysics,  it  would  mark  a  most  important  achievement. 

E.  F.  Nichols. 

Elements  of  Physics,  By  E.  J.  Andrews  and  H.  N.  Rowland. 
New  York,  The  Macmillan  Company,  1903.  Pp.  i-ix,  1-386  and 
Manual  of  Experiments,  pp.  52. 

In  the  preface  the  authors  state  their  aims  to  be :  (i)  To  readjust  the 
limits  of  the  subject,  (2)  to  give  clear  notions  by  means  of  the  scientific 
method,  (3)  to  make  prominent  the  practical  bearings  of  physics,  (4)  to 
base  the  work  on  a  few  fundamental  principles.  In  the  main  we  think 
they  have  succeeded.  The  book  is  carefully  written,  parts  are  well  ar- 
ranged, many  parts  having  been  expanded  more  than  is  usual.  Its  size 
impresses  one  as  large  for  an  elementary  book.  Part  of  its  bulk  is  ac- 
counted for  by  the  Manual  of  Experiments  comprising  5  2  pages  which 
has  been  bound  with  the  text.  The  book  is  a  text-book  for  high  school 
pupils'  use.  It  concerns  itself  with  explaining  physical  phenomena.  No 
experiments  for  the  lecture  table  or  for  the  student  are  found  in  the  body 
of  the  book.  As  noted  already  63  experiments  for  students  comprise  52 
pages  at  the  end  of  the  book.  Teachers  will  always  differ  as  to  the  kind 
of  experiments  which  should  be  introduced  into  a  laboratory.  In  our 
opinion  experiment  i  on  Inertia,  experiment  2  on  Porosity,  experiment 
3  on  Cohesion,  experiment  9  on  The  Effect  of  Mass  on  Falling  Bodies, 
experiment  28  on  the  Production  of  Heat,  experiment  31  on  the  Con- 
duction of  Heat,  and  experiment  48  on  The  Motion  of  Sonorous  Bodies, 
are  all  more  suitable  for  the  lecture  table  than  for  the  laboratory.  The 
remainder  of  the  experiments,  although  suitable  enough  for  laboratory  use, 
are  as  a  rule  very  easy,  much  easier  than  those  described  in  the  Labora- 
tory Manual  of  Tiramerman,  Ches^on  and  Dean  to  be  described  later  on. 

The  authors  have  tried  to  make  an  interesting  book  and  have  thus  em- 
phasized the  phenomenal  and  experimental  as  contrasted  with  the  mathe- 
matical side  of  the  subject.  If  the  book  gains  somewhat  in  interest  by 
this  it  loses  that  elegance  and  precision  which  one  feels  in  some  other 
books,  Carhart  and  Chute  for  example. 


Digitized  by 


Google 


380  NEW  BOOKS,  [Vol.  XVIII. 

Some  devices  introduced  are  to  be  commended  for  originality  and 
clearness.  This  is  true  of  Fig.  130,  which  represents  a  water-analogy  of 
Wheatstone's  bridge.  No  attempt  has  been  made  to  emphasize  the  im- 
portance of  the  cuts.  They  are  clear  enough  but  inconspicuous  and  often 
crude.  The  two  time-worn  diagrams  on  page  166  which  represent  in 
cross-section  the  parts  of  a  steam-engine  and  which  have  done  service  in 
so  many  different  books,  provoke  a  smile  by  their  appearance  here. 
They  both  contain  a  serious  mistake  which  it  is  surprising  has  been  al- 
lowed to  go  so  long  uncorrected. 

Writers  of  elementary  text-books  in  physics  are  liable  to  go  to  one  or 
the  other  of  two  extremes.  They  either  make  the  subject  dry  and  un- 
interesting by  making  discussions  brief  and  mathematical,  or  by  avoiding 
mathematics  and  introducing  much  discussion  of  phenomena  and  experi- 
ments expand  the  subject  to  great  length.  This  latter  method  often 
leads  to  prolixity  as  appears  at  times  to  be  the  case  with  the  book  before 
us.  We  note  the  expressions  **  of  course  '*  and  *•  in  fact  '*  seven  times 
repeated  on  six  consecutive  pages  and  in  every  case  these  expressions 
might  be  omitted  without  in  any  way  obscuring  the  meaning  of  the  text. 
Words  of  this  character  in  a  text-book  are  not  only  superfluous  but  a 
positive  blemish. 

On  page  173  ^^  artificial  ice  "  is  referred  to  and  the  process  of  its 
manufacture  explained.  As  the  manufacturers  of  this  article  are  them- 
selves very  particular  to  call  it  manufachired  and  not  artificial^  and  this 
for  obvious  reasons,  it  would  seem  as  though  writers  of  text-books  ought 
to  follow  the  example  of  the  manufacturers.  The  tendency  to  prolixity 
becomes  in  at  least  one  instance  **  talk.'*  This  appears  in  the  paragraph 
on  **  Perpetual  Motion,*' page  175.  We  note  one  mistake.  On  page 
151  is  this  definition  :  **  The  heat  required  to  raise  any  substance  one  de- 
gree will  be  its  specific  heat.*'  This  is  really  a  definition  oi  thermal  ca- 
pacity. The  definition  above  should  have  inserted  after  raise  *'  one  gram 
of,"  in  which  case  it  becomes  correct.  The  book  contains  numerous 
problems  and  exercises  which  are  an  important  and  very  useful  feature. 

R.  H.  Cornish. 

Entropy,     By  James   Swinburne.     Westminster,  Archibald    Con- 
stable &  Co.,  London,  1904.     Pp.  x  -f-  137. 

Some  time  ago,  in  an  address  to  the  Institution  of  Electrical  Engineers, 
Mr.  Swinburne  made  a  remark  upon  the  definition  of  entropy  and  its  use 
by  engineers  which  has  been  the  occasion  of  a  spirited  discussion  in 
several  engineering  journals.  The  remark  was  to  the  effect  that  no  Eng- 
lish work  upon  the  steam-engine  gives  a  correct  definition  of  this  quan- 
tity, and  that  most  treatises  on  physics,  English  and  foreign,  also  con- 
tain incorrect  definitions.  The  present  look  is  an  outcome  of  this  dis- 
dussion  and  sets  forth  in  detail  the  author's  position.     It  must  not  be 
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inferred,  from  the  somewhat  sweeping  statement  just  quoted,  that  the 
book  belongs  to  the  class  which  includes  the  works  of  the  circle  squarers 
and  the  anti-Newtonian  astronomers.  It  does  not  hold  that  the  results 
of  the  founders  of  thermodynamics  are  wrong,  but  only  that  their  mode 
of  exposition  was  unfortunate  in  that  it  has  led  astray  many  of  their  fol- 
lowers, including  most  engineers  and  text  book  writers,  particularly  in 
the  treatment  of  irreversible  processes,  that  is  to  say,  the  only  ones 
which  actually  occur  in  practice. 

Most  of  us  will  be  ready  to  agree  with  the  author  as  to  the  errors  in 
many  text  books,  and  the  desirability  of  a  more  careful  treatment  of  irre- 
versible processes.  But  there  is  likely  to  be  more  difference  of  opinion 
in  regards  to  the  alternative  which  he  offers.  Very  radical  changes  are 
suggested  in  definitions,  in  axioms,  and  in  the  interpretation  of  equations 
and  diagrams ;  and  some  of  these,  at  least,  are  of  doubtful  utility.  Some 
of  the  difficulties,  which  the  author  finds  in  the  ordinary  presentation, 
have  their  origin  in  his  unreserved  adoption,  from  the  text  books  which 
he  criticizes,  of  the  concept,  **heat  of  a  body,*'  or  "quantity  of  heat  in 
a  body  ** ;  that  this  is  a  fertile  source  of  confusion  is  not  surprising  when 
it  is  remembered  that  entropy  was  introduced  by  Clausius  just  because 
there  is  no  physical  reality  corresponding  to  these  phrases.  Again,  the 
views  of  the  author  upon  the  nature  of  the  entropy- temperature  diagram 
are  not  likely  to  meet  with  universal  acceptance.  Students  of  elementary 
mechanics  find  difficulty  in  comprehending  the  law  of  action  and  re- 
action until  they  clearly  recognize  that  there  are  two  bodies  (or  two  parts 
of  the  same  body)  concerned,  and  that  the  **  action  "  is  the  force  upon 
one,  the  **  reaction  *'  upon  the  other.  In  like  manner,  the  normal  diffi- 
culties of  the  study  of  irreversible  thermodynamic  processes  are  greatly 
exaggerated  if  one  is  allowed  to  forget  that,  in  such  a  process,  there  must 
be  two  bodies,  or  at  least  two  parts  of  the.  same  body  in  different  states 
with  regard  to  temperature  and  pressure.  Remembering  this,  it  is  plain 
that  neither  the  entropy -temperature  nor  the  volume-pressure  diagram  is 
suitable  for  representing  such  processes.  If  parts  of  a  body  have  different 
pressures  and  temperatures,  its  state  cannot  be  represented  upon  these 
diagrams,  for  no  averaging  of  the  **  intensities  "  is  permissable  ;  and  if  a 
body,  homogeneous  with  respect  to  temperature  and  pressure,  goes 
through  any  process  with  an  outside  body,  the  trace  of  its  series  of  states 
upon  either  of  these  diagrams  can  give  no  indication  as  to  whether  the 
process  was  performed  reversibly  or  irreversibly.  For  such  purposes, 
diagrams,  in  which  additive  quantities  like  volume,  energy  and  entropy 
are  the  coordinates,  are  alone  suitable ;  and  this  was  clearly  pointed  out 
by  Gibbs  in  the  paper  in  which  the  entropy-temperature  diagram  was 
first  described.  In  plotting  the  entropy-temperature  diagram  for  the 
steam-engine,  complications  of  this  sort,  incident  upon  wire-drawing, 
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the  exchange  of  heat  with  the  cylinder  walls,  etc.,  together  with  the  in- 
definiteness  in  the  notion  of  heat  referred  to  above,  lead  Mr.  Swinburne 
to  the  conclusion  that  areas  on  this  diagram  are  not  quantities  of  heat 
unless  the  processes  are  reversible.  An  analogous  and  parallel  conclusion 
would  be  that  areas  on  the  volume-pressure  diagram  are  not  quantities  of 
work  unless  the  engine  and  shafting  are  frictionless.  It  is  most  necessary 
that  the  engineer  should  recognize  that  the  entropy-temperature  diagram, 
as  usually  constructed,  does  not  give  exactly  the  work  done  in  the  cylin- 
der, just  as  it  is  necessary  for  him  to  make  a  distinction  between  indicated 
and  brake  horse-power ;  but  a  little  care  in  specifying  what  entropies, 
temperatures  and  works  one  is  dealing  with,  renders  unnecessary,  it  seems 
to  me,  a  change  in  the  fundamental  interpretation  of  either  diagram. 

Although  the  reader  may  differ  with  the  author  upon  many  points,  he 
cannot  fail  to  be  sensible  of  the  service  which  has  been  done  in  calling 
attention  to  difficulties  and  to  errors,  actual  and  potential.  Much  origi- 
nality and  independence  of  thought  is  displayed,  and  there  is  no  special 
pleading  but  a  very  honest  endeavor  to  clear  up  difficulties  and  get  at 
the  truth.  H.  A.  Bumstead. 

Electrical  Machinery,  Vol.  I.,  Electric,  Magnetic  and  Electrostatic 
Circuits.  By  Harris  J.  Ryan,  Henry  A.  Norris  and  George  L. 
HoxiE.     New  York,  John  Wiley  &  Sons,  1903.     Pp.  246. 

There  arc  to  be  two  volumes  to  this  work  on  Electrical  Machinery,  in 
which  both  direct  and  alternating  currents  and  machines  are  to  be  treated. 
Volume  I.  covers  the  laws  of  the  electric,  magnetic,  and  electrostatic 
circuit,  and  is  intended  as  an  introduction  to  Volume  II.,  in  which  the 
construction  and  performance  of  electrical  machinery  is  to  be  discussed. 

The  material  of  Volume  I.  is  stated  to  be  the  result  of  several  years  of  ex- 
perience in  the  class  room  at  Cornell  University.  The  plan  of  the  book 
is  to  found  the  treatment  of  the  subject  upon  the  laws  of  alternating  cur- 
rents and  to  consider  continuous  current  phenomena  as  special  simplified 
cases  of  these.  While  this  is  scientifically  the  most  general  plan  it  would 
seem  to  make  the  understanding  of  continuous  current  phenomena  un- 
necessarily  difficult  for  the  student.  The  authors  state,  however,  that 
they  have  found  that  this  plan  maintains  the  interest  of  the  student  and 
economizes  his  time,  and  that  it  has  given  very  satisfactory  results  at 
Cornell. 

The  first  volume  is  divided  into  ten  chapters  with  the  following  headings : 
"Electricity  and  Magnetism,"  **  Periodic  Curves,'*  **  Complex  Quan- 
tities," "Laws  of  the  Electric  Circuit,"  "Electric  Power,"  "Magneto 
Motive  Force,"  and  the  "Laws  of  the  Magnetic  Circuit,"  "Rotating 
Magnetic  Fields,"  " The  Electrostatic  Field,"  "Losses  in  Electric  Cir- 
cuits."    In  the  first  two  chapters  the  elementary  principles  and  units  of 
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electricity  and  magnetism  are  briefly  given  ;  these  are  illustrated  with  a 
number  of  problems  and  with  clear  diagrams.  Periodic  curves  are  taken 
up  at  length  by  graphical  and  analytical  methods.  Fourier's  theorem 
and  a  method  for  the  general  analysis  of  any  periodic  curve  are  given  in 
detail,  and  the  application  of  the  method  is  shown  by  a  number  of  ex- 
amples illustrated  with  exceptionally  clear  diagrams  many  of  which 
occupy  a  full  page.  In  the  chapter  on  complex  quantities  this  analytical 
method  for  expressing  vectors  is  explained  and  the  algebraic  operations 
with  complex  quantities  are  given.  These  are  made  use  of  in  the  next 
chapter  for  solving  series  and  parallel  circuits  with  resistance,  inductance 
and  capacity.  Graphical  methods  are  only  given  for  a  few  simple  series 
circuits,  but  not  for  parallel  circuits. 

Electric  power  calculations  in  alternating  current  circuits  are  discussed 
in  Chapter  VI. ;  the  errors  involved  when  equivalent  sine  waves  are  used 
for  irregular  waves  are  carefully  pointed  out.  A  power  problem  in 
irregular  wave  forms  is  given  in  detail,  the  correct  power  being  calculated 
by  means  of  harmonic  component  E.  I.  products. 

The  chapter  on  electrostatic  field  is  unique  and  full  of  valuable  material, 
much  of  which  represents  the  researches  of  Prof.  Ryan.  The  existence 
of  an  electrostatic  flux  circuit  is  shown  and  an  attempt  is  made  to  com- 
pare it  with  the  magnetic  flux  circuit.  The  phenomenon  of  corona  is  dis- 
cussed in  detail  and  a  number  of  experiments,  are  described  to  illustrate 
corona  effects.  The  authors  point  out  that  insulators  for  high  potentials 
must  be  so  proportioned  that  the  dielectric  flux  set  up  through  them  will 
not  be  sufficient  to  cause  corona,  because  this  would  be  highly  destructive 
and  would  also  represent  a  considerable  waste  of  power.  The  necessity 
for  avoiding  corona  formation  in  dielectric  strength  testing  is  also  ex- 
plained, and  the  precautions  which  must  be  taken  to  avoid  this  are  stated. 
In  the  appendix  a  short  discussion  is  given  of  the  limiting  voltages  for 
transmission  lines.  A  table  giving  the  minimum  diameters  of  wires  to 
avoid  corona  for  voltages  from  50,000  to  250,000  when  the  distance  be- 
tween the  wires  is  48  inches  is  given.  In  the  last  chapter  on  losses  in 
electric  circuits  mathematical  discussions  of  the  various  losses  are  given 
and  a  number  of  formulae  are  deduced.  Some  experiments  on  a  high 
potential  transmission  line  made  by  Mershon  are  described  and  the 
results  of  these  tests  are  compared  with  those  obtained  from  the  mathe- 
matical laws. 

It  may  be  safely  said  that  this  book  is  unique  among  electrical  books, 
and  that  it  forms  a  valuable  addition  to  electrical  literature.  It  is  written 
throughout  in  exact  and  concise  language  and  is  illustrated  with  many 
clear  and  carefully  executed  cuts.  Over  seventy  problems  are  given,  many 
of  which  are  completely  solved  in  the  text.  This  is  a  valuable  feature 
for  the  student. 
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While  the  book  is  primarily  intended  for  technical  schools,  for  which 
purpose  it  is  admirably  adapted,  it  will  also  prove  most  valuable  to  the 
practicing  electrical  engineer.  It  is  to  be  hoped  that  its  companion 
volume  will  soon  make  its  appeamce.  A.  F,  Ganz. 

Secondary  Batteries^  their  TIteory,   Construction  and  Use,      By  E. 

J.  Wade.     The  Electrician  Printing  Co. ,  London  ;   D.  Van  Nostrand 

&  Co.,  New  York,  1903.     Pp.   ix  -f  492. 

This  volume  may  be  conveniently  divided  into  four  portions.  The 
first  contains  a  very  complete  description  of  the  various  forms  of  storage 
battery  introduced  since  1881  and  a  brief  chapter  on  secondary  cells  in 
which  other  substances  than  lead  are  employed.  A  second  part  deals 
with  the  properties  and  behavior  of  lead  cells  with  numerous  diagrams 
giving  the  characteristic  curves  for  the  performance  of  secondary  batter- 
ies under  varying  conditions  of  charge  and  discharge,  one  chapter  is  de- 
voted to  the  chemistry  of  the  lead  cell.  This  portion  of  Mr.  Wade's 
book  is  followed  by  sr  series  of  chapters  dealing  with  the  design,  manu- 
facture, treatment,  testing,  erection  and  regulation  of  storage  batteries. 
These  chapters  containing  as  they  do  numerous  facts  of  practical  value 
based  upon  actual  experience  are  of  especial  value  to  those  engaged  in 
the  installation  and  management  of  batteries. 

The  volume  closes  witl^  a  chapter  entitled  **  Present  day  cells'*  in 
which  those  forms  which  have  established  themselves  in  England  and  the 
United  States  are  considered  in  greater  detail.  The  prevailing  forms  in 
use  on  the  continent  of  Europe  are  likewise  noticed  but  more  briefly. 

E.  L.  N. 
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THE    REFLECTING   POWER    OF    SELENIUM    AS    DE-     \y 
TERMINED    BY   A   SPECTROPHOTOMETER. 

By  C.  K.  Edmunds. 

"  I  ^HE  present  photometric  measurements  of  the  reflecting  power 
^  of  selenium  are  confined  to  the  visible  region  of  the  spectrum, 
and  are  divided  into  two  main  parts,  (i)  Determination  of  the 
reflecting  power  of  selenium  for  several  different  wave-lengths  for 
normal  incidence.  (2)  Determination  of  the  reflecting  power  for 
three  different  wave-lengths  of  light  polarized  in  and  normal  to  the 
plane  of  incidence,  for  a  range  of  incidences  from  20°-8o°.  The 
results  under  (i)  are  compared  with  the  reflection  curve  secured  by 
calculation  from  the  dispersion  and  absorption  curves ;  those  under 
(2)  are  compared  with  the  values  calculated  by  means  of  Cauchy's 
formulae,  assuming  the  values  of  the  absorption  coefficient  and  re- 
fractive index  secured  from  the  metallic  reflection  experiments. 

Apparatus  and  Method  of  Observation. 
The  spectro-photometer  used  was  made  by  Schmidt  and  Haensch 
after  Professor  Brace's*  design.  It  consists  essentially  (Figs,  i  and 
2)  of  a  double  prism  P  with  a  narrow  silvered  strip  55  on  the  face 
AD  of  the  right  half.  Light  of  the  same  wave-length  is  thus 
brought  by  direct  transmission  from  the  collimator  T,  and  after 
reflection  at  the  silver  strip  from  T\  to  the  same  focus  in  the  ob- 
serving telescope  R.  When  the  eyepiece  is  removed  and  the  prism 
viewed  through  a  slit  in  the  focal  plane  of  R^  the  eye  sees  three 

I  Brace,  Phil.  Mag.,  48,  420-^30,  1899,  and  Astro.  Phys.  Jour.,  11,  6-24,  1900. 
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fields  (Fig.  3),  the  central  one  ABCD  illuminated  by  light  from  the 
right  collimator  T\  and  the  upper  and  lower  ones  ACF  dixxd  BDG, 
by  light  from  the  left  collimator  T,  The  fields  meet  in  the  sharp 
edge  of  the  silver  strip.  A  match  in  intensity  is  secured  by  alter- 
ing the  width  of  T'  which  must  be  bilateral  in  order  that  the  spectra 
from  the  two  collimators  may  be  kept  in-step,  after  being  once  ad- 
justed, as  the  slit  T'  is  changed  in  width.  The  condition  of  photo- 
metric equality  is  determined  by  the  vanishing  of  the  line  of  sep- 
aration between  the  two  portions  of  the  field  of  view  illuminated 


K 

Fig.  1. 

Double  Prism,  Silver  Strip  :   ss. 


Fig.  2. 
Optical  System. 


respectively  by  the  direct  and  the  reflected  light.  By  shifting  the 
telescope  R,  different  portions  of  the  spectrum  may  be  brought  mto 
the  field  of  view  and  so  the  intensities  of  the  various  colors  of  the 
reflected  beam  may  be  compared  with  the  correspond- 
ing colors  of  the  direct  light,  and  the  reflecting  power 
for  any  desired  wave-length  determined. 

The  conditions  of  an  ideal  photometer  screen  as 
given  by  Lummer  and  Brodhun^  are  met  by  this  in- 
Field  of  View,  strument  in  a  manner  described  by  Tuckerman,*  who 
has  so  fully  explained  the  adjustments  necessary  to  their  fulfillment 
that  no  additional  account  need  be  given  here. 

'  Lummer  and  Brodhun,  Zeitschrift  fUr  Instruroentenkunde,  12,  137-138,  1892. 
«Tuckerman,  Astro.  Phys.  Jour.,  147,  149,  Oct.,  1902. 
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General  Method  of  Observation. 

The  slit  of  one  collimator  T  is,  after  the  initial  adjustments  of 
the  photometer,  kept  fixed  in  width  throughout  a  whole  series  of 
comparisons.  The  slit  on  the  other  collimator  T'  is  controlled  by 
an  accurately  turned  screw  by  means  of  which  its  width  can  be 
altered  at  will  by  a  known  amount,  and  thus  the  total  amount  of 
light  passing  down  this  collimator  can  be  changed  as  desired.  The 
amount  of  light  coming  down  the  collimator  with  the  fixed  slit  can 
be  changed  without  altering  the  width  of  the  slit  by  means  of  a 
rotating  disk  mounted  so  as  to  rotate  directly  in  front  of  the  fixed 
slit  and  to  cut  off  the  light  during  a  certain  fraction  of  each  revolu- 
tion. The  reflecting  power  of  the  given  mirror  is  determined  in  the 
following  manner.  Oght  from  the  same  source  or  two  sources 
practically  identical,  is  in  part  sent  down  the  collimator  with  the 
fixed  slit  and  in  part  sent  down  the  collimator  with  the  adjustable 
slit  the  width  of  which  is  altered  till  a  photometric  equality  of  the 
two  beams  is  secured  in  the  field  of  view.  Call  the  width  of  the 
adjustable  slit  under  these  conditions  5'. 

The  mirror  to  be  investigated  is  now  introduced  in  the  path  of  the 
light  on  the  way  to  the  adjustable  slit  and  the  direction  of  the  in- 
cident beam  and  the  portion  of  the  mirror  altered  till  after  reflection 
at  the  desired  incidence  the  light  again  enters  the  adjustable  slit 
and  so  into  the  photometric  system.  Photometric  equality  will  no 
longer  exist  in  the  field  of  view,  since  the  reflected  beam  has  been 
weakened  in  intensity  by  the  reflection,  and  a  match  can  be 
secured  by  widening  the  adjustable  slit.  Call  its  new  width 
S,  Now  if  the  direct  ratio-law  held  (/.  e,,  if  the  total  amount 
of  light  passing  throught  a  slit  were  directly  proportional  to 
the  slit  width)  the  ratio  of  the  intensity  of  the  reflected  light 
to  that  of  the  incident  light,  /.  r.,  the  reflecting  power  of  the  mirror 
for  the  color  matched  and  for  the  angle  of  incidence  used  would 
be  S'/5,  the  intensity  of  a  beam  being  inversely  proportional  to 
the  width  of  the  slit  required  to  secure  a  match  between  it  and 
a  fixed  illumination. 

As  a  matter  of  fact,  this  direct  ratio-law  does  not  hold  in  general 
and  the  optical  value  of  different  slit  widths  must  be  determined  for 
different  colors  and  different  inttnsities  of  radiation  in  a  manner  de- 
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scribed  *  elsewhere  by  Capps  and  others.  By  means  of  calibration 
curves  secured  in  the  manner  there  described,  this  ratio- by -slit,  /.  r., 
S'  jS  can  be  reduced  to  give  the  correct  value  of  the  reflecting  power. 

If  the  reflected  light  is  very  much  weaker  than  the  direct,  the 
change  in  width  of  the  adjustable  slit  required  for  a  match  may  be 
too  great  either  for  the  limited  range  of  the  adjusting  screw  or  for 
employing  the  best  portion  of  the  calibration  curve.  In  this  case 
the  amount  of  light  coming  down  the  collimator  with  the  fixed  slit 
may  be  decreased  without  altering  the  slit  width,  by  cutting  down 
the  light  falling  on  it  by  means  of  a  rotating  sector  of  known  and 
adjustable  angular  value  revolving  directly  in  front  of  the  fixed  slit 
in  such  a  way  as  to  cut  off  the  light  during  a  certain  fraction  of  each 
revolution.  The  speed  at  which  this  sector*  is  run  does  not  enter 
except  that  it  must  be  high  enough  not  to  cause  any  flickering  in 
the  field  of  view. 

If  now,  the  mirror  being  removed  and  the  sector  at  rest  so  as  to 
allow  full  illumination  of  both  the  fixed  and  adjustable  slits,  the 
width  of  the  latter  required  for  a  match  be  S\  the  mirror  is  put  in 
position,  the  reflected  beam  sent  upon  the  adjustable  slit,  the  rotat- 
ing sector  made  to  revolve  and  its  angle  changed  till  a  match  is 
again  nearly  secured  in  the  field  of  view.  An  exact  match  can  now 
be  obtained  by  a  slight  change  in  the  width  of  the  adjustable  slit. 
As  before  call  its  new  width  S,  If  the  angle  of  the  sector  used  was 
such  as  to  allow  light  to  pass  during  I  ///th  of  a  revolution,  then  the 
reflecting  power  is  S'  jS-  ifn.  If  the  change  in  the  width  of  the 
adjustable  slit  is  not  small,  then  the  value  of  5'/5  must  first  be 
optically  calibrated  by  means  of  the  curves  showing  the  variations 
from  the  direct  ratio-law,  and  then  the  reduction  factor  i  \n  applied 
to  give  the  final  value  of  the  reflection  power  for  the  color  matched 
and  the  angle  of  incidence  used. 

Calibration  of  Spectkophotometer. 

Owing  to  the  curvature  of  the  luminosity-curve  of  the  radiant  the 

illumination  is  not  in  general  proportional  to  the  slit  width.     With 

a  bilateral  slit  the  direct  ratio  holds  at  points  where  the  curve  is  a 

» Murphy,  AsUt>.  Phys  Jour.,  6,  i-io,  1897. 
Brace,  Phil.  Mag.,  48,  p.  425.  1899. 
Capps,  Astro.  Phys.  Jour  ,  il,  25-35,  1900. 
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Straight  line,  but  where  the  liminosity -curve  is  convex  to  the  axis 
of  wave-leng^ths.  the  intensity  of  the  light  passing  down  the  collima- 
tor T  for  different  widths  of  slit  increases  in  a  greater  ratio  than  the 
width  of  the  slit,  the  reverse  being  true  for  the  concave  portions. 
Hence  the  discrepancies,  which  are  greater  the  greater  the  width  of 
the  fixed  slit  T,  are  in  an  opposite  sense  in  the  yellow  from  those  in 
the  red  and  blue ;  slit  readings  give  too  high  a  ratio  for  red  and 
blue  light,  too  low  for  yellow. 

In  the  present  experiments  the  bilateral  slit  V  was  calibrated 
optically  by  means  of  a  rotating  sector,  for  the  width  of  T  {,1  mm. 
in  most  cases)  and  the  various  wave-lengths  used,  in  the  manner 
devised  by  Professor  Brace  and  employed  by  Capps  and  others.  A 
simple  cardboard  disk  mounted  on  a  small  motor,  with  its  circum- 
ference divided  into  a  number  of  parts  and  slotted  out  to  different 
depths  between  different  radii  as  shown  in  Fig. 
4,  was  rotated  between  the  source  and  the  slit  T, 
so  that  the  different  sectors  covered  the  slit  in  its 
successive  positions,  and  thus  the  intensity  of  the 

light  coming  down  the  collimator  T  was  varied  in 

Fi?.  4. 

known  ratios  depending^  on  the  angle  of  the  sector    ^  ,..      '   *  . , 

^  ^ ,  ^  Cahbratory  Disk. 

used.  A  twelve  part  disk  was  used,  with  a  great- 
est diameter  of  24  cm.  Since  Capps*  has  recently  fully  de- 
scribed the  method  and  results  of  similar  calibrations  further 
detail  will  not  be  given  here,  other  than  to  point  out  that  the  final 
readings  were  made  by  a  combined  use  of  the  variable  slit  and  the 
rotating  sector.  Approximate  matches  were  secured  by  cutting 
down  the  light  entering  T  by  appropriate  .sectors  of  known  angular 
value  and  only  the  final  adjustment  for  a  match  was  made  by  vary- 
ing the  width  of  slit  T\  the  effort  being  to  confine  the  readings  to 
as  nearly  the  same  region  on  the  screw  operating  V  as  possible. 
Whenever  the  variation  was  sufficiently  great  the  ratio  by  slit  read- 
ings was  corrected  by  means  of  the  calibration  curves  and  the  re- 
duction factor  of  the  disk  applied  to  this  corrected  ratio.  This  was 
the  method  first  used  by  Brace  and  More*  in  1899,  it  eliminates  to 
a  great  extent  any  errors  of  the  screw,  giving  greater  accuracy  in 
the  optical  evaluation  of  the  slit  comparisons. 

» Capps,  Astro.  Phys.  Jour.,  II.  25-35,  1900. 

«Brace,  Bull.  Am.  Phys.  Sk.,  i,  2,  pp.  29-31  ;  also  Brodhun,  ZeiUchrift  fdr  Instru- 
mentenkunde,  20,  210-212,  1900. 
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With  narrow  slit  width,  such  as  here  used,  the  zero  correction  for 
V  becomes  an  important  factor.  From  time  to  time  between  various 
sets  of  observations  the  bilateral  slit  V  was  subjected  to  a  special 
test,  and  by  means  of  a  micrometer  microscope  its  width  for  dif- 
ferent readings  of  the  screw's  divided  head  were  noted  in  the  region 
of  small  slit  widths,  and  from  them  the  true  zero  was  determined 
by  extrapolation.  After  starting  to  use  the  slit,  it  was  never  again 
closed  without  the  zero  being  redetermined.  Final  settings  for  pho- 
tometric equality  were  always  made  with  increasing  slit-width. 

Auxiliary  Reflecting  Spectrometer. 
The  general  arrangement  of  the  apparatus  is  shown  in  Fig  5.  5 
is  the  Brace's  spectrophotometer.  S'  is  the  auxiliary  reflecting 
spectrometer  carrying  the  mirror  M  mounted  on  the  graduated 
table  V  in  the  center  of  the  larger  table  D,  about  which  the  colli- 
mator V  can  be  rotated  for  any  desired  angle  of  incidence.     L  and 


Fig.  5. 
Assembly  of  Photometric  Apparatus.     Dimensions  :  From  center  of  P  to  T',  or  to  7^, 
approximately,  30  cm.     Diameter  F=  13  cm.,  diam.  Z>  =  40  cm.,  from  T  to  ^  =  40 
cm.     Focal  length  of  7"^',  approx.,  35  cms.,  aperature  4  cm.  in  diam.     From  center  of 
P  to  M^  approx.,  80  cm. 

U  are  the  i  lo-volt  Nemst  filaments  enclosed  in  the  boxes  B  and  B\ 
^  is  a  window  of  thin  milk  glass,  and  ^  is  a  screen  of  fine  ground 
glass.     iV  is  a  Nicol's  prism  of  3  cm.  aperture,  by  means  of  which 
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the  reflected  light  can  be  polarized  in  any  desired  azimuth,  the  zero 
position  of  the  Nicol  being  determined  in  a  way  described  presently. 
C  is  a  condensing  lens  which  focuses  the  reflected  light  on  the  bilat- 
eral slit  T,  ^  —  5  is  the  rotating  divided  disk  mounted  on  a 
motor  carried  by  a  lathe  tool-carriage  so  as  to  shift  the  disk  in  its 
own  plane  back  and  forth  before  7". 

The  radiant  L  was  mounted  on  an  extension  rigidly  connected 
with  the  platform  carrying  the  spectrophotometer  5.  The  motor 
carrying  the  rotating  sector  was  mounted  on  a  heavy  stone  sill  en- 
tirely separate  from  the  other  mountings  so  as  to  cause  no  vibra- 
tion. The  ground  glass  g' ,  the  lens  C  and  the  Nicol  iV  were  all 
mounted  on  the  base  of  5.  The  radiant  Z'  was  rigidly  attached  to 
the  collimator  arm  of  V.  The  various  dimensions  were  as  shown 
in  the  diagram,  approximately. 

Light  from  L  passed  through  the  milk  glass  g,  was  then  inter- 
rupted by  the  rotating  sector  R—  S  entered  through  the  slit  T,  was 
rendered  parallel  by  this  collimator,  suffered  refraction  and  disper- 
sion in  P  and  entered  the  telescope  R  where  it  was  viewed  through 
the  ocular  slit  0.  The  slit  T  was  kept  at  a  fixed  width  and  the  in- 
tensity of  the  field  from  7"  altered  by  shifting  the  sector  ^  —  5. 

Light  from  L'  was  rendered  parallel  by  the  collimator  7^',  fell  on 
the  mirror  J/ at  any  desired  incidence,  (the  value  of  which  was  given 
by  the  circle  reading  on  F,  which  was  graduated  to  i')  and  after  re- 
flection was  polarized  in  any  desired  azimuth  by  passing  through  N, 
was  focused  by  C  on  the  bilateral  slit  V  after  passage  through  the 
ground  glass  screen  ^,  which  helped  to  give  a  uniform  field,  was 
again  rendered  parallel  by  the  collimator  T  and  suffered  refraction, 
reflection  and  dispersion  in  P,  the  part  striking  the  silver  strip  5S 
(Fig.  i)  entering  the  viewing  telescope  R  and  forming  the  central 
part  of  the  field  as  viewed  through  the  ocular  slit  0,  The  part  of 
the  light  from  T  which  passed  above  and  below  the  silver  strip  55 
was  refracted  out  and  lost  in  the  box  surrounding  P.  The  intensity 
of  this  central  portion  of  the  field  was  changed  by  altering  the  width 
of  T  by  means  of  a  micrometer  screw  the  setting  of  which  could  be 
read  off"  by  means  of  a  small  auxiliary  telescope  R'  mounted  along 
side  of  R, 

The  smallest  angle  of  incidence  at  which  observations  could  be 
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secured  was  7°,  and  the  values  recorded  for  normal  incidence  are 
really  for  ^=7°zfc.  It  is  not  thought  necessary,  however,  to 
make  any  allowance  for  this  small  angle. 

In  the  following  tables  the  recorded  values  for  slit  width  of  T 
are  the  means  of  ten  settings  in  each  case.  The  variation  in  such 
a  set  of  ten  readings  is  exhibited  by  the  sample  given  in  Table  I. 
The  maximum  deviation  from  the  mean  is  1.5  per  cent,  and  the 
probable  error  of  the  mean  value  is  .4  per  cent.  The  probable 
error  in  the  final  values  of  the  reflection  power  is  about  .75  per 
cent.,  though  it  is  very  likely  greater  than  this  for  the  extreme 
blue,  on  account  of  the  difficulty  of  good  seeing  in  that  region. 

Comparison  of  the  Values  of  the  Reflecting  Power  as 
Secured  by  Different  Methods. 

There  are  in  general  two  ways  of  determining  the  reflecting  power 
of  a  given  substance,  (i)  direct  and  (2)  indirect,  (i)  The  direct 
method  is  by  such  photometric  measurements  as  have  just  been 
described.     (2)  The  indirect  method  involves  the  use  of  the  formula 

where 

n  =  refractive  index 
and 

k!  =  absorption  coefficient, 

at  normal  incidence,  for  the  wave-length  considered. 

These  optical  constants  //  and  k!  can  be  determined  either  (a)  di- 
rectly by  measurements  with  prisms  and  thin  films  or  {!>)  indirectly 
by  calculation  from  the  constants  of  elh'ptical  polarization  as  de- 
scribed in  an  earlier  paper. 

The  values  of  the  reflecting  power  for  both  old  and  new  mirror 
are,  together  with  those  secured  from  the  experiments  of  others 
presented  in  Table  III.,  the  first  column  of  which  gives  the  wave- 
length of  the  incident  light,  the  second  the  reflecting  power  as  I 
have  calculated  it  from  Pfund's  observations  (see  page  395)  of  the 
absorption  and  refraction  indices  by  means  of  equation  (a).  Column 
3  gives  the  values  of  the  reflecting  power  as  calculated  by  the  same 

iCauchy,  Compt.  rend.,  T.  VIII.,  1839,  p.  560. 
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Observations. 
Table  I. 

lltreous  Selenium,     Mirror  ^  months  old.     Direct  light.     Date  :  March  2jt  ^goj. 


Telescope. 

5.58.     1 

6.08. 

1     6.33. 

6.83. 

1     7.08. 

7.58. 

7.83. 

Wave-length. 

489  MM. 
Div» 

534. 

545. 

589. 

1     ^' 

701. 

748  MM 

1 

Slit 

124 

128 

136 

129 

147 

190 

212 

3 

24 

5 

30 

44 

85 

2 

,     3        i 

27 

3 

30 

1     43 

91 

4 

3 

27 

8 

29 

43 

92 

4 

2 

29 

5 

29 

43 

88 

2 

1     3 

26 

8 

31 

43 

89 

2 

1      2 

24 

5 

32 

47 

89 

3 

i     3 

27 

6 

28 

.47 

90 

2 

4 

26 

7 

31 

43 

87 

4 

123 

128 

5 

132 

145 

189 

213 

Means 

123.0 

125.6 

135.8 

130.1 

144.5 

189.0 

212.8 

Zero  corrcc. 

-19.8 

-19.8 

-19.8 

-19.8 

-19.8 

-19.8 

-19.8 

Corrected  mean 

103.2 

105.8 

116.0 

1  110.3 

124.7 

169.2 

193.0 

Maximum  deviation 

.1 

2.4 

1      2.8 

2.1 

,      2.5 

3.0 

1.2 

Or 

1%    ' 

i 

,      1.5%. 

Probable  error  in  mean 

.04 

.4    1 

Or 

.04% 



'         .4%' 



Reflecting  Power  of  a  Mirror  of  Vitreous  Selenium. 

Table  II. 
Normal  Incidence. 

Surface  J  months  oU. 


Wave-length. 


489  MM 


534 


545 


589 


701         I   748  MM 


Cor*  ec ted  Slit  /feadint^s. 


Reflected:  S 

143.35 

125.60 

1  167.25 

174.65 

'  159.91 

148.41 

'    144.4 

Direct:   S' 

103.2 

105.8 

,  116.0 

110.3 

124.7 

169.2 

193.0 

Reduction  factor  of 

disk  :   ijn 

J 

i 

1       I 

\ 

t       1 
s 

i 

1 
i 

5'.  l/« 

34.4 

'   35.266 

38.66 

36.766 

4L566 

28.2 

32.166 

i?in% 

24.01 

1    28.08 

23.12 

21.05 

25.99 

19.00 

'  22.28 

Fresh  Mirror  {i. 

e.f  a  day 

*or  tiuo  old). 

Wave-length.      43a  mm 

454 

1      489 

534 

589 

i_^    . 

660 

'    748  mm 

S              Tffl.l 

245.6 

274.4 

265.6 

28L7 

287.2 

307.1 

432.4 

S'            192.0 

197.9 

1  204.0 

209.3 

218.0 

1  746.5 

334.4 

'  38L5 

^\n          .       \ 

i 

■       i 

\ 

\ 

1      \ 

} 

1 
4 

sr  ijn           64.0 

65.97 

1    68.0 

69.77 

72.67 

82.17 

83.6 

95.38 

iVin%            30.89 

26.86 

:    24.78 

2t.n 

'    25.80 

28.61 

27.22 

22.06 
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formula  from  the  values  of  the  optical  constants  deduced  from  the 
metallic  reflection  experiments  of  various  observers  by  application 
of  Walter's  formulae. 


Table  III. 

Reflecting  Power  of 

Vitreous  Selenium. 

z 

a 

3 

1 

5 

Calculated 
from  Pfund'a 
Observation  a. 

Calculated 
from  MeUllic 

Reflection 
Sxperimenta. 

Directly 
Obaervedby      , 
Nutting.          I 

Directly  Observed  by 
Edmunds. 

214 

.0998 

New(tf) 

Old  (h) 

280 

.2008 

334 

.1265 

395 

.1584 

400 

.2703 

, 

410 

.1667 

415 

.2713 

425 

.2687 

431 

.2679 

.1583 

432 

.2710 

1 

.3089 

439 

.2534 

442 

.2692 

454 

( 

.2686 

466 

.2724 

486 

• 

.2723 

489 

.2478 

.2401 

490 

.2745 

508 

.2590 

510 

.1685 

515 

.2662 

524 

.2627 

.2808 

527 

.2706 

545 

.2312 

550 

.2555 

Quincke 

.1801 

589 

.2417 

(.2722)     .2600 

.1834 

.2580 

.210S 

605 

.1763 

620 

.1434 

622 

.2861 

25.99 

631 

.2174 

640 

.2202 

.2194 

656 

.2609 

660 

.2722       , 

701 

19.00 

710 

.2052 

1 

721 

.2101 

735 

.2279 

748 

.2206 

22.28 

760 

.1989 
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Column  4  presents  Nutting's  ^  photometrically  determined  value 
of  the  reflecting  power,  R, 

In  column  5  are  recorded  my  photometric  values  of  R  for  both 
old  {b)  and  new  (a)  mirror. 

These  results  are  represented  graphically  in  Fig.  6. 


Fig.  6. 

Reflecting  Power  of  Vitreous  Selenium, 
Curve  I.,  photometrically  observed  for  a  fresh  mirror  by  Edmunds;  II.,  photomet- 
rically observed  for  a  mirror  five  months  old  by  Edmunds ;  III. ,  photometrically  observed 
by  Nutting,  probably  for  an  old  mirror;  IV.,  calculated  (Edmunds)  from  Quincke's 
observation  on  metallic  reflection  ;  V.,  calculated  (Edmunds)  from  Pfund's  direct  obser- 
vations on  refraction  and  absorption.  Iso'ated  points  have  been  calculated  from  metallic 
reflection  experiments  of  various  observers,  as  follows :  Edmunds,  new  mirror  t.  ;  Ed- 
munds, old  mirror,  tf  \  Cornu,  new  mirror  x,  old  mirror  j/;  Glan,  /\. 

The  Surface  Color  of  Selenium. 

The  directly  determined  reflection  curve  for  selenium  at  normal 
incidence  (see  Fig.  6)  shows  a  maximum  at  about  620  and  a  min- 
imum at  about  490 /v^  after  which  there  is  a  steady  rise  in  the  reflect- 
ing power  as  the  wave-length  is  decreased. 

The  high  values  of  the  absorption  in  the  ultra-violet  as  found  by 
Pfund  suggest  possible  selective  reflection  in  this  region.  But,  as 
already  noted,  several  attempts  to  detect  *' Reststrahlen "  in  the 
ultra-violet  by  successive  multiple  reflections  from  six  mirrors  of 
vitreous  selenium  failed  to  show  any  selective  reflection ;  in  fact, 
» Nutting,  Phys.  Zeit.,  201-206,  Jan.  I,  1903. 


Digitized  by 


Google 


396  C\    A'.    EDMUNDS,  [Vol.  XVIII. 

they  indicated  a  slight  falling  off  in  reflecting  power.  This  agrees 
with  the  drop  in  Nutting's  photometrically  observed  reflection  curve, 
which  occurs  at  about  ^  =  4 1  o /i/i  from  which  point  on  (/.  e.,  for 
decreasing  wave-lengths)  there  is  a  rapid  falling  off  in  reflecting 
power  (see  Fig.  6). 

The  method  followed  in  looking  for  selective  reflection  in  the 
ultra-violet  was  to  allow  the  light  from  a  cadmium  spark  to  suffer 
six-fold-reflection  at  nearly  normal  incidence  from  six  good  mirror 
surfaces  of  vitreous  selenium,  and  after  the  sixth  reflection  to  fall 
on  the  slit  of  a  quartz  spectrograph  in  which  the  light  was  received 
upon  a  photographic  plate  and  an  exposure  made  for  a  certain 
known  time-interval.  Several  exposures  of  different  intervals  were 
made  on  the  same  plate.  The  mirrors  were  then  removed  and  the 
light  from  the  spaik  allowed  to  fall  directly  on  the  slit  of  the  quartz 
spectrograph.  Several  exposures  of  different  time  intervals  were 
again  made  on  tlie  same  plate  used  for  the  reflected  light.  Com- 
parisons of  the  relative  density  of  the  developed  plate  for  different 
wave-lengths  showed  no  decided  increase  in  the  reflecting  power 
for  wave-lengths  from  345  to  229 ///i. 

The  relation  of  reflection  and  absorption  is  well  illustrated  by  the 
curves  for  selenium.  Metallic  reflection  experiments  show  a  slight 
maximum  in  the  absorption  at  about  590 ///i  and  then  a  steady  rise 
for  shorter  wave-lengths.  The  photometrically  determined  reflec- 
tion curves  show  a  maximum  in  reflecting  power  at  about  620 ///i 
and  420  fifi  which  in  each  case  lie  on  the  side  of  larger  wave-lengths 
from  the  maxima  in  the  absorption  curve,  that  is,  the  maximum  of 
the  reflection  curve  is  shifted  in  the  direction  of  the  longer  wave- 
lengths with  respect  to  the  absorption  maximum,  while  the  mini- 
mum of  the  reflection  curve  lies  on  the  blue  side  of  the  absorption- 
band,  a  result  in  full  accord  with  the  deductions  from  formula  (a). 

Reflecting  Power  of  Vitreous  Selenium  for  Light  Polarized 
IN  AND  Normal  to  the  Plane  of  Incidence,  at  Dif- 
ferent Incidences  and  for  Different  Colors. 
By  means  of  the  arrangement  of  apparatus  as  pictured  in  Fig. 
5,  the  light  could  be  received  by  the  selenium  mirror  M  at  any 
desired  angle  and  after  reflection  could  be  polarized  in  any  desired 
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azimuth  by  means  of  the  Nicol  N^  the  zero  position  of  which  was 
determined  thus : 

The  polarizing  angle  of  a  flint  glass  prism  for  sodium  light  was 
calculated  from  tan  f^= //,  and //,,=  1.5183.  The  prism  was 
mounted  on  Fin  place  of  the  mirror  J/ and  sodium  light  reflected 
from  one  of  its  surfaces  at  this  polarizing  angle  56°  38'.  iVwas 
then  turned  in  its  mounting  until  the  light  reaching  T'  was  a  min- 
imum. In  this  position  the  polarizing  plane  of  the  Nicol  was  nor- 
mal to  the  plane  of  incidence,  and  light  passing  through  it  was 
polarized  normal  to  the  plane  of  incidence. 

The  observations  of  the  reflecting  power  for  light  polarized  nor- 
mal to  the  plane  of  incidence  and  for  light  polarized  in  the  plane- of 
incidence  for  incidences  of  20°,  40®  are  reproduced  as  examples, 
and  the  final  summary  {R  and  R'^  compares  the  observed  values  of 
R  for  incidences  20®-8o°  with  the  values  computed  from  the  deter- 
minations of  the  refractive  index  and  absorption  coefficient  previously 
recounted. 

In  Tables  R  and  /?'  the  columns  headed  d  give  the  difference 
between  the  observed  and  calculated  values  of  the  reflecting  power 
(d  5  calculated  —  observed). 

The  agreement  between  observed  and  calculated  values  is  on  the 
whole  fair,  being  somewhat  closer  in  the  case  of  light  polarized  in 
the  plane  of  incidence  than  for  light  polarized  normally.  In  the 
first  case  the  cjiscrepancy  is  much  greater  for  the  larger  angles  of 
incidence,  probably  on  account  of  the  greater  influence  of  the  sur- 
face film  at  such  incidences.  In  the  second  case,  i,  c,  of  light  polar- 
ized normal  to  the  plane  of  incidence,  the  discrepancy  between 
observed  and  calculated  reflecting  powers  is  greater  for  the  small 
incidences. 

For  blue  light  the  values  calculated  from  Pfund's  direct  measures 
of  refraction  and  absorption  agree  very  well  with  the  observed  re- 
flecting power  for  light  polarized  in  the  incidence  plane  ;  though  for 
light  polarized  normally  the  agreement  is  not  so  good. 

For  yellow  light  the  values  calculated  from  my  metallic  reflection 
experiments  agree  very  well  (better  than  those  calculated  from 
other  data)  with  the  directly  observed  values  of  the  reflecting  power  ; 
though  as  in  all  other  cases  also  the  highest  angles  of  incidence 
must  be  excepted. 
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No  calculated  values  are  recorded  for  the  red  (/  =  690//;")  because 
no  sufficiently  reliable  determinations  of  the  refractive  index  and 
absorption  coefficient  have  been  made  for  wave-lengths  very  near 
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this.     The  calculations  are  somewhat  tedious  and  were  not  thought 
justified  if  based  on  interpolated  values  of  the  optical  constants. 

The  curves  in  Fig.  7  showing  the  reflecting  power  of  selenium  at 
various  incidences  and  for  the  three  colors,  /  =  501  {ifiy  589 ///i  and 
6go  iifi,  indicate  that  at  70  degrees  incidence  there  would  be  very 
little  reflected  light  of  any  color  polarized  normal  to  the  plane  of 
incidence,  while  ni  the  reflected  light  polarized  in  the  plane  of  inci- 
dence there  would  be  an  excess  of  blue  and  red,  and  a  minimum  of 
yellow.  This  is  an  agreement  with  some  previous  observations 
made  to  detect  any  trace  of  surface  color  in  the  visible  region  of  the 
spectrum.    Ordinary  light  was  reflected  from  vitreous  selenium  and 
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ANGLES  Of  INCIOENCF 

Fig.  7. 

the  reflected  light  viewed  through  a  Nicol's  prism.  The  angle  of 
incidence  was  changed  and  the  azimuth  of  the  Nicol  step  by  step, 
and  it  was  found  that  at  about  70°  incidence,  reflected  light  polar- 
ized in  the  plane  of  incidence  showed  a  marked  blue  tint. 

Murphy  has  given  results  for  the  intensities  of  polarized  light 
reflected  from  the  face  of  a  Steinheil  prism  as  determined  by  means 
of  a  Lummer-Brodhun  spectral  photometer.  They  show  a  close 
agreement  between  the  observed  and  computed  values,  the  differ- 
ences being  in  every  case  but  a  small  part  of  the  total  incident  light. 
The  greatest  discrepancy  exists  for  light  polarized  perpendicular  to 
the  plane  of  incidence,  and  for  the  small  angles  of  incidence.  The 
agreement  between  calculated  and  observed  values  of  the  reflecting 
power  is  nearly  as  good  for  selenium  as  it  is  for  glass,  especially  if 
we  take  into  account  the  great  difficulty  of  controlling  the  surface 
condition  of  a  selenium  mirror  as  compared  with  a  glass  surface. 
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Synopsis  of  Results. 

The  present  photometric  measurements  of  the  reflecting  power  of 
selenium  have  shown  that  there  is  in  general  an  increase  in  the  re- 
flecting power  as  the  wave-length  of  the  incident  light  is  decreased, 
there  being  in  the  course  of  this  general  rise  a  maximum  at  about 
620  nfJL  and  a  minimum  at  about  ^gofifjt  after  which  for  shorter 
wave  lengths  there  is  a  steady  increase  in  reflecting  power. 

An  apparent  effect  due  to  lapse  of  time,  /.  e.,  ageing  of  the  mirror 
in  such  a  way  as  to  form  an  effective  surface  layer,  greatly  modifies 
this  curve.  The  reflecting  power  for  all  wave-lengths  is  decreased 
except  in  the  region  of  525  fi/i  where  an  increase  was  noted. 

Nutting's  observed  values  of  the  reflecting  power  are  entirely  be- 
low the  field  of  other  determinations  and  the  present  experiments 
would  seem  to  indicate  that  his  mirror  had  been  made  some  time 
before  using  or  at  least  had  acquired  a  surface  film  similar  to  that 
on  the  mirror  described  as  "  old  "  in  this  paper. 

The  relation  of  reflection  to  refraction  and  absorption  was  treated 
briefly  and  the  deductions  from  the  reflection  formula  found  to  be 
verified  in  a  general  way. 

Photometric  measures  verified  Cauchy's  formulse  giving  the  re- 
flecting power  of  a  metal  (/.  e.,  a  heavily  absorbing  medium)  in 
terms  of  the  optical  constants  for  various  angles  of  incidence.  The 
agreement  between  observed  and  calculated  values  was  nearly  as 
satisfactory  as  for  glass  to  which  Fresnel's  formulae  giving  the  re- 
flecting power  of  a  transparent  substance  in  terms  of  the  refractive 
index  had  been  applied. 

In  conclusion,  I  desire  to  express  my  appreciation  of  the  kind- 
ness of  Professor  Ames  and  of  Professor  Wood.  The  latter  sug- 
gested the  investigation  to  me,  and  both  have  given  advice  and 
liberal  aid  throughout  the  course  of  work. 

Physical  Laboratory,  Johns  Hopkins  University, 
May,  1903. 
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STUDIES   IN    LUMINESCENCE.     II. 
By  Edward  L.  Nichoi3  and  Ernest  Merritt. 

A  Spectro-photometric  Study  of  Fluorescent  Solutions 
Belonging  to  Lommel's  First  Class.^ 

THE  law  expressed  by  Stokes'  in  his  memoir  entitled  "The 
change  of  Refrangibility  of  Light"  to  the  effect  that  in 
fluorescence  the  fluorescent  light  is  always  of  greater  wave-length 
than  the  exciting  light  has  been  called  in  question  by  Lommel,  who 
pointed  out  that  for  certain  fluorescent  bodies  there  is  an  unmistak- 
able overlapping  of  the  regions  in  the  spectrum  occupied  by  the 
exciting  light  and  by  the  fluorescence  which  it  produces.  Lommel 
made  the  further  very  important  statement  that  for  this  class  of 
substances  the  character  and  composition  of  the  fluorescence  spec- 
trum is  independent  of  the  wave-length  of  the  exciting  light.  Lom- 
mel's  results  in  so  far  as  they  had  to  do  with  the  non-validity  of 
Stokes's  law  were  confirmed  by  Hagenbach.^  A  few  years  later 
Lubarsch*  published  measurements  in  confirmation  of  Stokes's 
law.  A  later  paper  by  Lommel,*  in  which  he  described  the  fluores- 
cence of  the  so-called  chameleon  colors,  led  Hagenbach  to  new 
experiments,  in  the  course  of  which  he  discovered  what  he  believed 
to  be  a  source  of  error  in  his  former  measurements,  and  he  reaffirmed 
the  law  of  Stokes  for  all  such  substances.  In  1877  Brauner* 
obtained  results  in  confirmation  of  Lommel's  view.  In  1879, 
Lubarsch^  published  further  experiments  on  fluorescence,  this  time 
in  favor  of  Lommel's  results.     Lamansky  ^  in  1879  described  meas- 

»  Read  at  the  St.  Louis  meeting  of  American  Physical  Society,  Dec.  29,  1903,  under 
the  title  **The  Spectrometric  Study  of  Huorescence." 
'Stokes,  Phil.  Transactions  1852,  p.  463. 

•  Hagenbach,  Poggendorff*s  Annalen,  146,  pp.  65,  232,  373.  508. 
«Lubarsch,  Poggendorff's  Ann.,  153,  p.  428,  1874. 
>  Lommel,  Poggendorff*s  Ann.,  159,  p.  514,  1876. 
^Brauner,  Wiener  Anzeiger,  1 9  p.  178,  1877. 
'  Lubarsch,  Wied.  Ann.,  6,  p.  248. 
"Lamansky,  Comptes  Rendus,  88,  p.  1 192,  1879. 
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urements  in  confirmation  of  Stokes's  law.  In  a  still  later  paper 
Hagenbach  *  returned  to  the  defence  of  Stokes*s  law  as  against 
Lommel'  and  Lubarsch,*  who  in  the  meantime  had  published 
further  articles  dealing  with  his  objections  and  criticizing  Laniansky's 
method.  Wesendonck  *  in  1885  made  observations  with  the  sun*s 
spectrum,  using  two  concave  mirrors  and  a  prism,  in  the  course  of 
which  he  obtained  very  conclusive  evidence  that  the  fluorescence 
of  naphthalin-roth  extended  to  wave-lengths  shorter  than  that  of 
the  exciting  light.  In  1886,  Stenger*  took  the  question  up  at 
length.  He  found  that  whether  he  used  Hagenbach's  method  of 
illuminating  the  free  surface,  Lommel's  method  of  grazing  incidence 
through  the  side  of  a  flask,  or  Lubarsch's  fluorescent  eye-piece,  his 
measurements  confirmed  Lommel  as  to  the  invalidity  of  Stokes's 
law  but  not  as  to  the  independence  of  the  fluorescent  spectrum 
from  the  character  of  the  exciting  light.  He  also  made  experiments 
in  colaboration  with  Hagenbach,  who  was  finally  converted  to  the 
same  view. 

It  is  our  purpose  in  this  paper  to  describe  results  obtained  by  the 
application  of  the  spectrophotometer  to  the  measurement  of  the  fluo- 
rescence spectrum  of  those  substances  concerning  the  fluorescence 
of  which,  especially  with  reference  to  the  validity  of  Stokes's  law, 
the  long-continued  discussion  already  described  arose.  No  attempt 
apparently  has  been  made  to  apply  the  spectrophotometer  to  the 
study  of  fluorescence ;  yet  it  is  obviously  possible  to  determine  both 
the  limits  and  the  maximum  of  a  spectral  region  for  which  a  curve 
of  intensities  can  be  plotted  with  far  greater  accuracy  than  by  the 
method  hitherto  pursued  by  all  observers,  i,  e.,  that  of  attempting  to 
set  the  cross-hair  in  the  eye-piece  of  a  spectroscope  in  the  region 
of  greatest  brightness,  or  at  the  point  where  the  spectrum  ceases  to 
be  visible.  Experimenters  have  perhaps  been  deterred  from  the 
use  of  the  spectrophotometer  because  of  the  faintness  of  fluorescence 
spectra.  It  is  true  that  fluorescent  light  from  many  substances  is 
so  weak  as  to  preclude  all  measurements  of  its  spectrum  ;  but  it  is 

*  Hagenbach,  Wicd.  Ann.,  18,  p.  45. 

« Ix>rarael,  Wied.  Ann.,  8,  p.  244,  1879. 

'  Lubarsch,  Wied.  Ann.,  9,  p.  665,  1890 ;  also  Wicd.  Ann.,  11,  p.  68,  1880. 

*\Vescndonck,  Wied.  Ann.,  26,  p.  521, 

*Stenger.  Wied.  Ann.,  28,  p.  201. 
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also  true,  as  we  have  found  in  the  course  of  the  experiments  to  be 
described,  that  settings  can  be  made  in  cases  where  the  brightness 
of  the  spectrum  is  far  below  that  necessary  to  arouse  the  sense  of 
color  and  where  the  presence  of  light  can  be  detected  only  after 
prolonged  shielding  of  the  eye.  The  use  of  the  cross-hair  in  such 
cases  is  out  of  the  question,  for  the  field  is  much  too  dim  to  render  it 
visible,  while  every  attempt  to  illuminate  it  from  the  side  would  flood 
the  eye-piece  with  light  sufficient  to  quench  that  under  observation. 
The  instrument  used  in  most  of  our  observations  was  the  spectro- 
photometer of  Lummer  and  Brodhun.  In  order  to  secure  the 
greatest  possible  sensitiveness  to  weak  fields  of  view  the  ocular 
lenses  in  the  eye-piece  were  used,  the  eye  being  focussed  upon  the 
aperture  in  the  eye-piece  and  not  upon  the  face  of  the  prism.  By 
means  of  metal   screens  attached    to  the  collimator  slits   of  the 
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Fig.  1. 

instrument  the  length  of  slit  was  regulated  so  as  to  avoid  over- 
lapping of  the  spectral  images  and  to  give  two  contiguous  spectra 
in  the  field  of  view.  One  loses  by  this  method  the  advantage  of 
the  method  of  contrast,  but  the  sensitiveness  of  the  instrument  for 
low  intensities  is  greatly  increased.  Since  in  most  cases  it  was 
desired  to  employ  monochromatic  light  for  the  excitation  of  fluo- 
rescence, the  spectrophotometer  was  employed  in  connection  with  a 
large  spectrometer  as  shown  in  Fig.  i.     The  eye-piece  and  slit  of 
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the  spectrometer  were  removed,  and  in  place  of  the  latter  a  Nernst 
filament  {N)  was  mounted  vertically.  This  filament  afforded  a 
nearly  linear  source  of  light,  giving  a  sufficiently  powerful  continu- 
ous spectrum.  The  filament  was  attached  to  the  arm  carrying  the 
collimator  tube  so  as  to  move  with  the  latter  and  to  remain  in  the 
vertical  plane  passing  through  its  axis.  The  observing  telescope 
was  clamped,  and  different  portions  of  the  spectrum  were  brought 
into  the  field  as  desired  by  movements  of  the  collimator  tube. 
The  liquid,  the  fluorescence  of  which  was  to  be  studied,  was  placed 
in  a  rectangular  cell  (C)  upon  one  face  of  which  a  real  image  of  the 
spectrum  was  focussed.  This  face  of  the  cell  was  provided  with  a 
metal  screen  having  a  vertical  opening  i  mm.  wide  through  which 
the  light  used  for  exciting  fluorescence  could  pass.  This  opening 
(see  Fig.  2)  was  so  placed  that  the  exciting  light  entering  the  cell 
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Fig.  2. 

would  be  parallel  to  the  adjacent  face  of  the  cell  and  as  near  to  the 
same  as  practicable.  In  adjusting  the  metal  screen  one  edge  of  the 
slit  or  opening  was  made  to  exactly  cover  the  glass  forming  this 
face  of  the  cell,  as  shown  in  the  figure.  The  fluorescence  spectrum 
was  observed  from  a  direction  at  right  angles  to  the  path  of  the 
exciting  beam,  and  in  order  to  bring  the  brightest  fluorescence  regions 
of  the  liquid  into  the  field  the  vertical  plane  of  the  collimator  of  the 
spectrophotometer  was  adjusted  so  as  to  bring  into  the  field  of  view 
the  layer  of  liquid  lying  next  to  the  face  of  the  cell  through  which 
the  exciting  light  entered.     By  this  arrangement,  the  width  of  the 
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opening  through  which  the  exciting  light  entered  the  cell  and  the 
width  of  the  slit  of  the  spectrophotometer  each  being  i  mm.,  the 
average  depth  of  liquid  within  which  fluorescence  was  produced 
was  approximately  0.55  mm.  and  the  average  distance  which  the 
fluorescent  light  passed  through  the  liquid  before  leaving  the  cell 
was  also  0.55  mm. 

The  source  A  of  the  comparison  spectrum  (Fig.  i)  was  an  acety- 
lene flame,  the  light  from  which  was  reflected  diffusely  from  the  face 
of  the  block  of  magnesium  carbonate  (if/)  mounted  at  an  angle  of 
45°  at  the  end  of  the  collimator  slit.  Measurements  were  made  by 
varying  the  width  of  the  slit  until  the  two  regions  of  the  spectrum 
under  observation  were  equally  bright. 

The  substances  specified  by  Lpmmel  as  belonging  to  his  first 
class,  in  which  it  is  possible  to  excite  fluorescence  by  means  of 
light  of  wave-length  longer  than  that  of  a  portion  of  the  fluorescence 
spectrum,  and  in  which  the  distributio  1  of  intensities  in  the  fluores- 
cence spectrum  is  independent  of  the  character  of  the  exciting  light, 
are  naphtUalin'rothy  cosiii,  and  cltlorophylL  To  this  list  Stenger 
added  the  substance  fluonscein.  The  last-named  substance,  on 
account  of  its  intense  fluorescence  and  the  location  of  the  fluorescent 
band  in  the  middle  of  the  spectrum,  in  the  regions  of  the  highest 
luminosity,  was  selected  for  detailed  study  for  the  purpose  of  test- 
ing the  conclusions  reached  by  Lommel  and  the  other  investigators 
mentioned  in  the  opening  paragraphs  of  this  paper. 

Ten  cubic  centimeters  of  alcohol  were  saturated  with  fluorescein 
at  room  temperature  and  the  solution  was  filtered.  To  40  c.c.  of 
distilled  water  one  drop  of  a  normal  solution  of  sodium  carbonate 
Na^CO,  was  added.  Two  parts  of  the  concentrated  alcoholic  solu- 
tion were  then  mixed  with  100  parts  of  the  water  thus  rendered 
alkaline.  The  fluorescence  spectrum  of  this  solution,  excited  by 
the  undispersed  rays  of  the  acetylene  flame,  was  first  measured  ; 
the  distribution  of  intensities  being  compared,  as  in  nearly  all  our 
subsequent  experiments,  with  the  spectrum  of  the  light  diffusely 
reflected  from  the  surface  of  the  the  block  of  magnesium  carbonate 
shown  in  Fig.  I.  The  absorption  spectrum  of  the  solution  was 
then  taken,  the  transmission  through  the  cell,  which  had  a  thick- 
ness of  I.I  cm.,  being  measured  by  means  of  the  spectrophotometer. 
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The  source  of  the  transmitted  h'ght  was  a  second  similar  block  of 
magnesium  carbonate  illuminated  by  the  same  acetylene  flame 
that  served  for  the  comparison  spectrum. 

Much  stress  having  been  laid  by  some  of  the  previous  observers 
upon  the  influence  of  stray  light,  the  following  measurements  were 
made.  The  cell  was  filled  with  distilled  water,  set  up  precisely  in 
the  position  in  which  it  had  been  placed  in  the  study  of  the  fluores- 
cence spectrum,  and  similarly  illuminated  by  means  of  the  acetylene 
flame.  No  measurable  stray  light  was  found,  but  an  exceedingly 
weak  fluorescence  spectrum  due  to  the  glass  walls  of  the  cell  was 
detected.  Since  the  maximum  of  the  fluorescence  spectrum  of  the 
glass  was  found  to  lie  further  to  the  violet  than  the  fluorescence 
spectrum  of  the  fluorescein,  and  since  moreover  it  was  of  scarcely 
measurable  intensity,  it  was  not  deemed  necessary  to  take  further 
cognizance  of  these  sources  of  error. 

To  determine  the  fluorescence  spectrum  of  the  solution  when  ex- 
cited by  monochromatic  light,  a  mercury  arc-light  of  the  Lummer 
pattern  was  set  up  in  front  of  the  slit  of  the  spectrometer.  It  was 
found  that  the  violet  lines  from  the  spectrum  of  this  arc  produced 
fluorescence  corresponding,  as  regards  the  position  of  the  maximum 
and  the  general  form,  with  the  curve  previously  obtained  by  means 
of  the  light  of  the  acetylene  flame,  but  that  the  green  line  (^  =  .  575) 
excited  no  fluorescence.  This  latter  result  was  to  be  expected  since 
this  light  lies  altogether  outside  of  the  absorption  band  of  the  solu- 
tion in  a  region  for  which  almost  complete  transparency  exists.  The 
spectrum  of  the  acetylene  flame  was  subsequently  tried  as  an  excit- 
ing source,  but  it  was  too  weak  to  give  easily  measurable  intensities 
of  fluorescence.  The  slit  of  the  spectrometer  was  then  removed 
and  a  Nernst  filament  was  mounted  in  the  axis  of  the  collimator 
tube  as  described  in  the  specification  of  the  apparatus  and  shown  in 
Fig.  I.  This  filament  was  found  to  be  of  abundant  brilliancy.  It 
was  maintained  at  constant  brightness  by  means  of  a  variable  resist- 
ance, which  was  adjusted  whenever  the  fluctuations  of  an  ammeter 
placed  in  the  electric  circuit  indicated  it  to  be  necessary. 

Measurements  of  the  fluorescence  spectrum  of  the  solution  were 
made  by  means  of  the  spectrum  of  the  Nernst  filament  using  as 
exciting  light  three  nearly  monochromatic  regions  of  wave-length 
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X  =  .518/i  to  .536 /i,  X  =  A^7  !^  to  .502 /i  and  ^  =  .460 /i  to  .471  /i. 
The  curves  thus  obtained  are  plotted  in  Fig.  3,  together  with  the 
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Muorcsceln.  Fluorescence  specUti  obtained  when  the  exciting  light  lies  in  different 
regions  of  the  spectrum.  For  curve  ^,  the  exciting  light  was  confined  to  the  region 
marked  j4  on  the  horizontal  axis,  etc.     Vertical  scales  arbitrary. 

curve  of  transmission  for  the  solution.  It  will  be  seen  from  this 
figure  that  the  maximum  of  intensity  of  the  fluorescence  spectrum 
in  these  three  cases  lies  in  the  same  region  at  .517  /i  and  that  there 
is  no  evidence  of  any  shitting  of  the  fluorescence  spectrum  with  the 
wave-length  of  the  exciting  light.  It  is  obvious,  moreover,  that 
not  only  is  it  possible  in  the  case  of  this  solution  to  obtain  fluo- 
rescence of  refrangibility  less  than  that  of  the  exciting  light,  but 
that  in  the  case  of  the  curve  marked  A  the  maximum  of  the 
fluorescence  spectrum  is  of  shorter  wave-length  than  the  shortest 
wave-length  used  in  excitation.  These  curves  likewise  agree  fully 
in  character  and  as  regards  the  position  of  their  maximum,  with 
that  for  the  fluorescence  spectrum  of  the  same  solution  when  excited 
by  the  undispersed  light  of  the  acetylene  flame.  (Not  shown  in  the 
figure.) 
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These  curves  for  the  fluorescence  spectrum  do  not  correspond  pre- 
cisely with  the  typical  curve,  meaning  by  that  term  the  curve  rep- 
resenting the  distribution  of  intensities  in  the  fluorescence  spectrum 
of  the  surface  layer  of  the  fluorescing  liquid.  It  is  possible,  however, 
in  the  case  of  a  non-turbid  medium,  to  compute  from  the  observed 
curve  the  approximate  form  of  the  typical  curve.     Fig.  4  shows 


0 

A 

/--' 

/ 

r 

t 
/ 

— A 

^N 

\ 

// 

"A 

I 

\ 

/ 

1 
1 1 

/  ^ 

\ 

v_ 

y 

' 

f\ 

1 

h 

If 

\ 

// 

f 

V 

'^ 

/ 

S 

N 

L 

/ 

^ 

\ 

"^^ 

/ 

40 


20 


60  80  .500/<  20  40  60 

Fig.   4. 

Fluorescein  :  typical  fluorescence  spectrum  {^E  E). 

graphically  the  result  of  such  a  computation.*  Curve  A  gives  the 
transmission  of  a  glass  cell  containing  a  layer  i.i  cm.  in  thickness 
of  the  fluorescein  solution.  The  dotted  curve  of  similar  form  gives 
the  transmission  corrected  for  losses  in  the  cell  when  filled  with  dis- 
tilled water.  From  this  by  the  well-known  law  of  variation  of  absorp- 
tion with  the  thickness,  the  curve  D  is  found  for  a  layer  0.055  cm. 
in  thickness,  which  is  the  estimated  mean  distance  through  the  solu- 
tion which  the  fluorescent  light  passes  before  entering  the  .slit  of  the 
spectrophotometer.  The  curve  B  is  the  observed  curve  of  the 
distribution  of  the  intensities  in  the  fluorescence  spectrum,  and 
from  this  was  computed  the  curve  E,  which  represents,  as  nearly 
as  the  accuracy  of  the  data  will  allow,  the  typical    curve  for  this 

*  In  this  figure  and  in  Figs.  5,  6,  7  and  8  the  scale  of  wave  lengths  has  been  doubled. 
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substance,  corrected  for  absorption.  It  will  be  seen  that  in  the 
case  of  this  solution,  under  the  conditions  of  the  measurements, 
the  absorption  of  the  fluorescent  light  by  the  solution  produces 
only  a  slight  shifting  of  the  maximum  toward  the  shorter  wave- 
lengths. When  the  fluorescent  light  passes  through  a  consid- 
erable layer  of  the  solution  the  effects  of  absorption  are  much 
more  marked  and  there  is  a  decided  change  of  color.  When  a 
thin  layer  of  the  solution  of  fluorescein  is  viewed  by  reflected  light 
its  color  is  green,  whereas  the  fluorescence  of  a  mass  of  the  liquid 
appears  decidedly  yellowish.  This  change  is  shown  graphically 
in  the  curves  of  Fig.  5.     In  this  figure  A  is  the  transmission  curve 
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Rg.  5. 
Fluorescein.     Effect  of  absorpdon  upon  the  fluorescence  spectrum. 

of  the  solution ;  B  is  the  observed  curve  of  fluorescence  when  the 
slit  through  which  the  excited  light  enters  the  cell  is  placed  so  that 
the  fluorescent  light  passes  through  .055  cm.  of  the  solution  before 
exit ;  and  C  is  the  fluorescence  curve  when  the  slit  is  shifted  to  such 
a  position  that  the  fluorescent  light  passes  through  i  cm.  of  the 
solution.  It  will  be  seen  that  the  maximum  is  shifted  from  .516/5/ 
to  .522  /i,  and  that  while  the  two  curves  are  nearly  coincident  on 
the  side  towards  the  red  the  values  on  the  other  side  of  the  curve 
fall  off  very  rapidly  as  the  result  of  the  increased  absorption.     The 
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boundary  of  the  fluorescence  spectrum  towards  the  violet  in  the 
one  case  would  lie  at  about  wave-length  .505 /i,  whereas  in  the 
thinner  layer  it  would  be  visible  to  at  least  .490 /i.  It  is  obvious 
that  the  color  of  the  fluorescence  in  the.  latter  case  will  contain  a 
great  excess  of  green. 

The  effect  of  diluting  the  fluorescent  solution  is  similar  to  that  of 
diminishing  the  distance  through  which  the  light  passes.  The 
results  of  observation  upon  a  solution  of  fluorescein,  diluted  until 
the  intensity  of  the  fluorescence  spectrum  was  diminished  as  far  as 
would  permit  of  satisfactory  readings,  are  shown  in  Fig.  6.     The 
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Fig.  6. 
Fluorescein.     Effect  of  dilution  upon  the  fluorescence  spectrum. 

curve  AA  represents  the  transmission  of  the  cell  filled  with  the 
dilute  solution  and  BB  is  the  distribution  curve  of  its  fluorescence 
spectrum.  The  dotted  lines  show  the  corresponding  transmission 
curve  and  a  portion  of  the  fluorescence  curve  for  the  solution  be- 
fore dilution.  It  will  be  noted  that  in  this  case,  as  in  the  case  of 
the  comparison  of  thick  and  thin  layers  of  a  given  solution,  the 
curves  are  coincident  toward  the  red,  but  that  the  dilute  solution 
has  its  maximum  shifted  towards  the  green  ;  also  that  the  ordinates 
on  this  side  of  the  curve  show  an  increase  indicative  of  the  change 
of  c  )lor,  which,  as  is  well  known,  is  always  observed  as  the  result  of 
diluting  the  fluorescent  solutions  of  this  substance. 
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Although,  as  has  been  shown  in  Figs.  4  and  5,  the  modifications 
produced  by  absorption  in  the  curves  of  the  fluorescence  spectrum 
may  be  very  marked,  the  effect  of  absorption  diminishes  rapidly 
with  dilution  of  the  solution.  If  we  apply  the  correction  for  ab- 
sorption, for  example,  to  the  curve  for  the  dilute  solution  in  Fig.  6 
we  find  as  is  indicated  in  Fig.  7  that  the  change  is  insignificant.     In 
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Fig.  7. 
Typical  fluorescence  spectram  for  dilute  solution. 


this  figure  Cis  the  observed  curve  for  the  fluorescence  of  the  dilute 
solution,  A  the  transmission  curve  of  a  layer  i.i  cm.  in  ^hickness, 
and  B  the  computed  curve  for  the  transmission  of  the  mean  layer 
of  liquid  through  which  the  fluorescent  light  has  to  pass.  The  cor- 
rection for  this  absorption  is  indicated  by  means  of  the  dotted  line. 
It  having  been  established  that  the  fluorescence  of  bodies  of  this 
class  is  independent,  as  regards  the  distribution  of  intensities,  of  the 
wave-length  of  the  exciting  source,  it  would  be  of  interest  to  inquire 
whether  the  fluorescent  energy  for  a  given  wave-length  of  the 
fluorescence  spectrum  varies  with  the  wave-length  of  the  exciting 
light,  the  energy  of  which  is  constant,  or  whether  it  depends  only 
upon  the  energy.     Tiie  rigorous  determination  of  these  relations 
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involves  a  knowledge  of  the  distribution  of  energy  in  the  spectrum 
of  the  exciting  source,  a  difficult  matter  to  determine  with  accuracy 
for  the  shorter  wave-lengths  of  the  visible  spectrum.  The  curve 
shown  in  Fig.  8  may,  however,  be  of  some  interest  in  this  connec- 
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Fluorescein.     Intensity  of  fluorescence  as  a  function  of  wave  length  of  exciting  light. 

A  refers  to  Nernst  glower  as  source,  B  to  acetylene  flame. 

tion.  It  represents  the  intensity  of  fluorescence,  taken  at  the  maxi- 
mum of  the  fluorescence  spectrum  of  the  solution  of  fluorescein,  as  a 
function  of  the  wave-length  of  the  exciting  light.  Curve  A  was 
taken  with  the  Nernst  filament  as  a  source,  curve  B  with  the  acety- 
lene flame.  The  dotted  line  shows  the  absorption  band  for  a  layer 
of  the  solution  i.i  cm.  thick.  It  will  be  seen  that  fluorescence  be- 
gins approximately  at  the  wave-length  at  which  the  solution  seems 
to  be  transparent,  and  that  the  maximum  lies  well  within  the  ab- 
sorption band  but  is  shifted  to  the  red.  The  longer  wave-lengths 
within  the  band  are  more  effective  on  account  of  their  greater  energy. 
The  difference  in  the  form  of  the  curves  A  and  B  is  probably  ascrib- 
able  to  the  different  distributions  of  energy  in  the  spectra  of  the 
sources  of  light  employed. 

In  addition  to  the  measurements  on  fluorescein  the  positions  of 
the  fluorescence  spectra  of  solutions  of  eosin  and  naphthalin-roth 
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were  determined  by  the  method  already  described,  and  the  trans- 
mission curves  of  the  solutions  were  taken.  Dilute  solutions  in 
alcohol  were  made,  that  of  the  naphthalin-roth  being  about  ^\-^ 
saturated.  The  results  obtained  with  these  solutions,  which  are 
shown  in  Figs.  9  and  10,  afford  additional  corroboration  of  the 
statements  of  Lommel.  They  are  indeed  in  every  respect  analogous 
to  those  obtained  with  fluorescein  and  lead  to  the  same  conclusions. 
Each  solution  was  excited  by  three  distinct  regions  of  the  spectrum, 
one  lying  as  far  toward  the  red  as  practicable,  one  towards  the  blue 
and  one  at  an  intermediate  wave-length.     Curves  showing  the  dis- 
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Fig.  9! 

Eosin.  Fluorescence  spectra  observed  when  the  exciting  light  lies  in  different  regions 
of  the  spectrum.  Curve  ^  was  obtained  when  the  exciting  light  was  confined  to  the 
region  marked  A  on  the  axis  of  wave-lengths,  etc.     Vertical  scales  arbitrary. 

tribution  of  intensities  in  the  three  spectra  thus  produced  are  shown 
in  the  figures  and  it  will  be  noted  that,  as  in  the  corresponding 
curves  for  fluorescein,  the  position  of  the  maximum  is  entirely  in- 
dependent of  the  wave-length  of  the  exciting  light  and  that  the 
general  character  of  the  curve  remains  unchanged.  In  the  case  of 
these  two  solutions,  as  in  that  of  fluorescein,  it  was  possible  to 
obtain  a  measurable  amount  of  fluorescence  by  the  use  of  light  of 
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greater  wave-length  than  that  of  the  maximum  of  the  fluorescence 
spectrum.  The  form  of  the  fluorescence  curve  is  very  similar  for 
these  three  substances  but  each  has  its  own  place  in  the  spectrum. 
The  maximum  for  fluorescein  (Fig.  3)  is  at  .517  /i,  that  for  eosin  at 
.580/i  and  that  for  naphthalin-roth  at  .594 /i.  The  position  of  the 
maximum,  of  these  three  curves  with  reference  to  the  absorption 
band  appears  to  vary  with  the  different  substances.  The  maxi- 
mum for  eosin  coincides  approximately  with  the  infra-edge  of  the 
absorption  band  ;  that  for  fluorescein  lies  slightly  (about  .05  /i) 
towards  the  violet,  while  the  maximum  for  naphthalin-roth  is  much 
further  displ.iccd  towards  the  short  wave-lengths. 
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Fig.   10. 

Naphthalin-rotb.  Fluorescence  spectra  obtained  when  the  exciting  light  lies  in  different 
regions  of  the  spectrum.  Curve  A  was  obtained  when  the  exciting  light  was  confined  to 
the  region  marked  A  ;  etc.     Vertical  scales  arbitrary. 

Lommel's  contention  that  it  is  possible  to  excite  fluorescence  in 
eosin  by  means  of  the  light  of  the  sodium  flame  is  fully  confirmed 
by  the  data  plotted  in  Fig.  9,  from  which  it  will  be  seen  that  the 
exciting  light  by  means  of  which  curve  A  was  obtained  had  a 
mean  wave-length  almost  precisely  equal  to  that  of  the  sodium 
lines.     Since  it  was  found  possible  by  means  of  light,  all  of  which 
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was  of  greater  wave-length  than  the  maximum  of  the  fluorescence 
spectrum,  to  produce  fluorescence  of  sufficient  strength  for  meas- 
urement with  the  spectrophotometer,  it  follows  that  observable 
fluorescence  can  be  produced  by  light  of  even  greater  wave-length 
than  that  recorded  in  our  diagram. 

We  deem  the  evidence  already  given  in  the  foregoing  paragraphs 
to  be  conclusive,  so  far  as  these  substances  are  concerned;  but  in 
view  of  the  differences  of  opinion  among  physicists  as  regards  the 
validity  of  Stokes's  law  we  venture  to  add  the  following  description 
of  a  determination  of  the  wave-length  of  the  least  refrangible  mono- 
chromatic light  which  we  found  capable  of  exciting  fluorescence  in 
the  three  solutions  with  which  this  paper  deals. 

Since  some  writers  have  laid  great  stress  upon  the  errors  due  to 
stray  light,  two  different  methods  were  employed  of  avoiding  it. 
In  the  first  the  exciting  light  was  passed  through  a  solution  of  the 
substance  to  be  examined  before  dispersion,  thus  filtering  out 
those  rays  particularly  active  in  producing  fluorescence.  The 
filtered  light  was  then  dispersed  by  means  of  the  large  spectroscope 
already  described,  and  a  second  solution  was  subjected  to  an 
isolated,  nearly  monochromatic,  region  of  the  spectrum.  The 
wave-length  of  this  region  was  increased  until  the  last  trace  of 
fluorescence,  observed  directly  with  the  eye,  was  about  to  disap- 
pear. To  distinguish  between  fluorescence  and  the  presence  of 
light  diffused  from  small  particles,  the  light  was  viewed  at  an  angle 
of  90°  through  a  Nicol  prism,  by  which  means  diffuse  light  was 
completely  excluded.  The  limit  of  excitation  thus  determined  lay, 
as  had  been  anticipated,  further  to  the  red  than  in  the  cases  where 
a  spectrophotometrically  measurable  fluorescence  had  been  obtained, 
excepting  in  the  case  of  eosin,  where  it  was  found  to  coincide  almost 
exactly  with  the  ultra-edge  of  the  band  used  in  exciting  the  spec- 
trum shown  in  curve  A  (Fig.  9). 

The  second  method  consisted  in  sending  the  isolated  region  of  the 
dispersed  light  to  be  used  for  excitation  through  a  second  spectroscope 
and  determining  as  before  the  limit  of  excitability.  This  method 
of  removing  stray  light  has  been  extensively  used  and  is  well  known 
to  be  effectual.     The  source  of  light  in  both  cases  was  an  arc-light. 

The  results  obtained  by  these  two  methods  were  identical.  They 
were  as  follows  : 
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Table. 

Substance.  Maximum  Wave-length  Exciting 

Observable  Fluorescence. 
Fluorescein,  .542 

Eosin,  .589 

Naphthalin-roth,  .632 

These  wave-lengths,  all  of  which  lie  far  to  the  red  from  the  maxi- 
mum of  the  fluorescence  spectrum,  are  indicated  in  Figs.  3,  8,  and 
9  by  means  of  the  vertical  lines  marked  /. 

Measurements  upon  other  fluorescent  substances,  and  especially 

upon  those  which  Lommel  regarded  as  not  belonging  to  his  first 

class,  are  in  progress  and  the  results  will  be  given  in  a  subsequent 

communication. 

Physical  Laboratory,  Cornell  Universfty, 
December,  1903. 
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THE  VISCOSITY  COEFFICIENT  OF  AIR,  WITH  AN   ^ 
INQUIRY  INTO  THE  EFFECT  OF  THE 
RONTGEN  RAYS  THEREON. 

By  Frederick  G.  Reynolds. 

I.  Historical. 

THE  phenomena  of  viscosity  have  claimed  the  attention  of  in- 
vestigators for  many  years  ;  but  while  the  general  truths  may 
be  said  to  be  settled,  there  have  always  existed  many  differences  of 
detail  in  which  one  may  find  a  justification  for  further  effort  in  the 
same  field. 

By  the  viscosity  of  a  gas  is  meant  the  resistance  which  it  offers 
to  a  continuous  change  of  form  divided  by  the  rate  at  which  that 
change  is  effected.  The  coefficient  of  viscosity  may  perhaps  be 
best  understood  by  considering  a  stratum  of  the  gas  infinite  in  ex- 
tent. If  this  stratum  were  enclosed  by  two  parallel  planes  at  a  dis- 
tance d  centimeters  from  each  other  and  if  one  of  these  planes 
were  to  move  parallel  to  the  other  with  a  velocity  of  v  centime- 
ters per  second,  keeping  always  in  the  same  direction,  till  the  gas 
embraced  takes  up  its  final  velocity  thus  imparted,  this  velocity 
would  decrease  uniformly  as  we  pass  from  the  moving  plane  to- 
wards the  other.  If  again  the  strata  in  contact  with  the  two 
planes  have  the  same  velocity  as  the  planes  themselves,  the  strata 
will  decrease  in  velocity  vld  centimeters  per  second  for  every  centi- 
meter we  depart  from  the  moving  plane.  The  friction  between 
any  two  contiguous  strata  will  then  be  the  same  as  between  either 
plane  and  the  stratum  in  contact  with  it.  If  this  friction  be  denoted 
by  a  tangential  force  F  on  every  square  centimeter  of  surface  then 
/^sss  Uvld  where  U  is  the  coefficient  of  viscosity  of  the  gas.  The 
measurement  of  the  internal  friction  or  viscosity  of  a  gas  is  the 
determination  of  the  value  of  this  coefficient. 

The  property  which  enables  one  layer  to  drag  along  another 
might  in  liquids  be  looked  upon  as  a  cohesion  acting  in  opposition 
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to  the  motion,  but  in  the  case  of  a  gas  we  must  look  for  another 
explanation.  In  the  light  of  the  kinetic  theory  we  look  upon  the 
gas  as  manifesting  itself  by  the  very  rapid  motion  of  its  molecules. 
When  two  layers  are  moving  therefore  with  unequal  velocities,  the 
molecules  from  the  faster  moving  layer  penetrate  the  slower  mov- 
ing one  with  their  faster  forward  velocity  and  vice  versa,  so  a  measure 
of  the  friction  would  be  the  momentum  which  is  thus  carried  over. 
The  heat  motion  of  the  molecules  is  so  great  (being  at  o°  C,  a 
mean  velocity  of  447  meters  per  second),  that  it  is  not  affected  by 
the  comparatively  slow  forward  motion  of  the  molecules.  It  would 
naturally  follow  that  this  friction  would  increase  with  an  increase  of 
the  temperature,  for  the  speed  of  the  molecules  increases  with  the 
temperature  being  proportional  to  the  square  root  of  the  absolute 
temperature.  That  the  friction  is  independent  of  the  density  seems 
paradoxical  at  first,  but  the  theory  is  at  least  justified  when  we  con- 
sider that  the  transfer  is  made  by  the  molecules  and  is  greater 
as  their  number  and  activity  are  greater  hence  as  the  density  is 
greater,  but  at  the  same  time  the  transfer  takes  place  in  layers  whose 
distance  apart  may  be  traversed  by  the  molecules  and  as  the  density 
increases,  this  distance  is  restricted  so  that  it  is  possible  that  the 
combined  result  of  the  two  causes  should  produce  a  constant  effect. 
The  methods  of  approaching  and  handling  the  investigations  into 
the  viscosity  of  fluids,  both  theoretical  and  practical  may  be  divided 
into  four  general  classes  : 

I.  By  their  transpiration  through  capillary  tubes.  In  this  phase 
of  the  investigation  Poiseuille  *  and  Graham  *  were  the  pioneers,  the 
former  as  to  liquids  and  the  latter  as  to  gases. 

II.  By  the  swinging  of  pendulums.  This  method  was  followed  by 
Baily.'  Bessel  *  and  Du  Buat*  whose  work  is  discussed  in  a  paper 
by  Stokes^  "  On  the  internal  Friction  of  Fluids  on  the  Motion  of 
Pendulums.*' 

III.  By  the  torsional  vibrations  of  an  immersed  disc,  first 
adopted  by  Coulomb.^ 

1  M6m.  de  Savants  Strangers,  1846,  IX.,  p.  433. 

a  Phil.,  Trans.,  1846,  CXXXVI..  p.  573  ;  1849.  CXXXIX.,  p.  349. 

»  Phil.  Trans..  1832.  *  Berlin  Acad.,  1826 

*  Principes  d' Hydraulique,  1786. 

«  Cambridge  Phil   Trans.,  1850.  IX.,  pt.  2 

T  M6m.  de  Tlnstitut  National,  III.,  p.  246. 
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IV.  By  the  torsional  vibrations  of  a  vessel  filled  with  the  fluid 
in  question.  This  might  be  considered  as  a  development  of  the 
preceding  method.* 

Each  method  seems  to  have  its  practical  and  theoretical  ad- 
vantages and  disadvantages  and  the  discordant  results  attending 
the  early  efforts  in  each  have  since  been  brought  more  closely 
into  harmony  through  criticism  and  refinements  of  method.  In 
speaking  of  the  transpiration  and  torsion  methods  Meyer  remarks 
of  the  discrepancies  **  als  begriindet  in  den  Annahmen,  welche  zur 
Gewinnung  brauchbarer  Formeln  in  die  theoretische  Entwickelung 
eingefiihrt  wiirden ;  die  dabei  eintretenden  Vernachlassigungen 
waren  in  dem  Falle  schwingender  Scheiben  derart,  dass  der  Coeffi- 
cient zu  gross,  in  dem  Falle  des  Ausflusses  durch  Capillarrohren 
derart  dass  er  zu  klein  erhalten  musste ;  die  wahren  Werthe  wiirden 
also  zwischen  der  Resultaten  dieser  beiden  Methoden  liegen.'* 
Which  method  comes  nearer  to  the  truth  is  not  decided  but  the 
possible  objection  to  the  transpiration  experiments  lies  in  the  diffi- 
culty of  measurement  of  the  diameters  of  the  tubes  and  also 
in  the  fact  that  on  account  of  the  smallness  of  the  bore  one  cannot 
be  certain  that  the  action  between  the  molecules  of  the  gas  and  of 
the  substance  of  the  tube  does  not  affect  the  result.  The  pendu- 
lum method  seems  to  be  considered  capable  of  great  accuracy,  but 
in  the  theory  applicable  to  it  Baily  made  the  error  of  considering 
that  the  viscosity  is  dependent  on  the  density.  A  revision  of  his 
results  on  the  basis  of  a  correct  hypothesis  has  been  promised 
but  does  not  seem  to  have  been  made.  The  diflRculties  or  objec- 
tions connected  with  the  method  of  a  vibrating  disc  seem  to  be  less 
than  in  the  transpiration  method  and  it  may  be  for  this  reason  that 
it  has  been  the  method  generally  selected  by  the  later  investigators ; 
but  the  trouble  here  lies  in  the  necessity  of  accounting  properly 
for  the  effect  of  the  motion  of  the  medium  near  the  edge  of  the 
discs.  As  a  result  of  Maxwell's*  analysis  and  deductions,  given  in 
1 860,  both  he  and  Meyer  *  started  to  practically  demonstrate  the 
truth   of  the  same,  using  as  a  basis  of  their  investigations  the 

1  Helmholtz  and  Pietrowski,  Sitzungsber.  der  kk.  Akad.,  April,  i860. 
«Phil.  Mag.,  i860,  (4),  XIX.,  p.  31 ;  Phil.  Trans.,  1866,  CLVI.,  p.  249. 
»Pogg.  Ann.,  1865,  CXXV.,  p.  177. 
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method  adopted  by  Coulomb,  but  Meyer  altered  the  earlier  mothod 
in  so  far  as  to  substitute  three  oscillating  discs  with  a  common  axis 
instead  of  the  one  used  by  Coulomb.  These  plates  were  so  ar- 
ranged that  it  was  possible  to  separate  them,  thereby  exposing  six 
surfaces,  or  to  place  them  together,  exposing  only  the  two.  In  this 
way  the  friction  on  the  exposed  parts  of  the  hanging  system  such 
as  the  mirror,  etc.,  as  well  as  the  internal  friction  of  the  wire  itself 
could  be  eliminated  by  considering  the  difference  of  the  effects  ob- 
tained when  the  plates  were  apart  and  together.  Maxwell  im- 
proved on  this  by  inserting  four  fixed  plates  between  the  moving 
ones,  which  had  the  effect  of  causing  the  friction  of  the  gas  to 
exert  a  greater  resistance  and  therefore  one  more  easily  measured, 
an  advantage  which  was  immediately  recognized  by  Meyer '  himself. 
A  further  advantage  of  Maxwell's  method  lies  in  the  fact  that  his 
deductions  give  the  viscosity  coefficient  directly,  whereas  Meyer's 
deductions  lead  to  the  square  root  which  would  cause  the  effect  of 
any  error  to  be  increased.  As  a  consequence  Maxwell's  results 
showed  a  better  agreement  in  the  effort  to  verify  the  independence 
of  the  coefficient  and  the  pressure  within  the  range  of  his  observa- 
tions, viz:  from  one  to  one  sixtieth  atmospheres.  In  1887  as  a 
result  of  a  correction  suggested  by  Koenig  *  an  improvement  was 
made  by  Meyer  in  his  method  and  he  calculated  his  results  again 
on  the  improved  theory.* 

This  independence  of  the  viscosity  and  the  pressure  cannot  be 
expected  to  hold  in  the  limiting  cases,  as  would  follow  from  a  con- 
sideration of  the  theory.  The  density  and  the  free  path  enter  we 
have  seen  as  factors  but  when  the  former  approaches  o  the  latter 
approaches  cd  which  would  cause  this  phenomenon  to  fall  outside 
of  a  development  where  only  finite  densities  and  free  paths  are  con- 
sidered. 

Investigations  on  this  point  at  low  pressure  were  taken  up  by 
Kundt  and  Warburg,*  who  followed  Maxwell's  methods  and  found 
that   below  a  pressure  of   one  sixtieth  atmosphere  there  was  a 

*  Pogg.  Ann.,  1871,  CXLIII.,  p.  14. 
8Wied.  Ann.,  1887.  XXXII.,  p.  193. 
sWied.  Ann.,  XXXII.,  p.  642;  Sitzungbcr.   d.  MUnchcncr  Akad.,  1887,  XVII., 

P-  343. 

«Monatslicr.  d.  Berl.  Akad.,  1875,  p.  f 60 ;  Pogg.  Ann.,  1875,  CLV.,  pp.  337,  525. 
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marked  diminution  in  the  logarithmic  decrement  from  which  the 
visbosity  coefficient  is  calculated.  They  however  found  an  expla- 
nation of  this  in  a  phenomenon  which  they  called  slipping  or  (ex- 
ternal friction)  by  which  is  meant  the  sliding  of  the  medium  along 
the  bounding  surface  as  distinguished  from  the  sliding  of  one  layer 
of  the  medium  along  another  layer ;  and  they  explained  this  falling 
off  as  not  caused  by  a  decrease  of  the  coefficient  of  viscosity  but 
by  an  increase  of  the  slipping  at  the  lower  pressure.  Even  a  highly 
polished  surface  must  in  comparison  with  the  molecules  of  the  gas 
be  considered  rough,  and  under  ordinary  pressures  a  sliding  along 
this,  especially  since  the  forward  motion  is  very  slow,  is  practically 
impK>ssible,  but  this  would  not  be  the  case  in  a  very  rare  medium. 
By  the  term  coefficient  of  slip  they  designated  the  ratio  of  the 
internal  to  the  external  friction,  with  the  result  that  between  the 
pressures  of  .6  and  20  millimeters  of  mercury  the  value  of  the 
coefficient  of  slip  was  found  to  be  inversely  proportional  to  the 
density  of  the  gas  and  very  nearly  equal  to  the  free  path  of  the 
molecules.  Therefore  the  external  friction  is  directly  proportional 
to  the  density.  Warburg  *  experimented  further  on  the  external 
friction  by  the  transpiration  method  and  obtained  smaller  values  for 
the  coefficient  of  slip  but  Breitenbach  *  later  obtained  results  nearer 
the  earlier  ones. 

The  correctness  of  this  explanation  of  Kundt  and  Warburg  for 
the  sudden  falling  off  the  logarithmic  decrement  was  later  proven 
by  Crookes  *  on  a  theory  developed  by  Stokes,*  wherein  he  used  his 
vacuum  tubes  with  vertically  suspended  strips  of  mica  thereby  ex- 
cluding the  possibility  of  any  external  friction.  The  results  of 
these  investigations  show  the  independence  of  viscosity  and  pres- 
sure down  to  pressures  so  low  as  to  be  no  longer  accurately 
measured.  However,  at  much  higher  vacuums  there  is  a  break  in 
the  constancy. 

At  extremely  high  pressures  the  law  does  not  hold,  but  this 
might  also  be  expected  from  the  assumptions  in  the  theory.     Start- 

»Pogg.  Ann.,  1876,  CLIX.,  p.  399. 
«Wied.  Ann.,  1899,  LXVII.,  p.  826. 
»Phil.  Trans,  1881,  CLXXII.,  p.  387. 
*Phil.  Trans.,  1881,  CLXXII,  p.  435. 
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ing  with  the  hypothesis  that  the  particles  traverse  straight  paths  be- 
tween their  successive  encounters  with  each  other,  the  curved  paths 
traversed  during  the  period  of  actual  encounter  would  be  negligibly 
small,  at  ordinary  densities  or  at  low  densities ;  but  this  would  not 
be  the  case  when  the  density  becomes  very  great.  The  law  con- 
siders the  molecules  unchangeable  and  the  dissociation  of  the  mole- 
cules under  this  extreme  condition  may  contribute  to  this  variation. 
This  would  be  particularly  true  in  the  consideration  of  vapors. 
Warburg  and  Babo  *  have  shown  in  the  case  of  carbonic  add  that 
the  coefficient  of  viscosity  increases  with  the  density  at  pressures 
from  30  to  1 20  atmospheres,  which  law  seems  to  hold  for  other 
gases  as  well. 

In  1866  Meyer'  published  a  theory  where  in  assuming  the  inde- 
pendence of  pressure  upon  the  friction,  he  gave  a  law  governing  the 
speed  of  flow  of  gases  through  capillary  tubes  which  corresponded 
with  the  law  found  by  Poiseuille  for  liquids  and  which,  by  consider- 
ing the  amount  of  gas  transpired  in  a  given  time  leads  to  the  value 
of  the  coefficient  of  friction.  His  calculations  from  the  results  of 
Graham's  observations  proved  the  correctness  of  his  assumption. 
He  obtained  for  the  coefficient  of  viscosity  of  the  air  at  0°  C.  the 
values  .000171,  .000170,  .000174  and  he  also  gave  the  coefficients 
for  nineteen  other  gases.  Obermayer^  Puluj*  and  Mutel  following 
this  method  obtained  for  air  the  values  .000167,  .000180,  .000172 
respectively. 

As  to  the  fact  of  the  increase  of  the  viscosity  with  the  increase  of 
the  temperature  there  can  be  no  doubt,  but  as  to  the  rate  of  such 
change  there  is  not  such  an  agreement  among  the  different  investi- 
gators. Maxwell  first  put  it  as  increasing  directly  as  the  absolute 
temperature  or  proportional  to  (i  -|-  ad)  where  t?  is  the  temperature 
from  the  freezing  point  and  a  is  the  coefficient  of  expansion.  Later 
experiments  show  that  for  air  at  least  it  does  not  increase  so  rapidly. 
Efforts  were  made  to  represent  the  change  by  a  factor  of  the  form 
( I  -f  a^Y  where  n  was  first  given  as  three  fourths  but  later  Barus  * 

>  Weid.  Ann.,  1882,  XVII.,  p.  390;  Sitz.  d.  Berl.  Akad.,  1882,  p.  509. 
«Pogg.  Ann.,  1866,  CXXVII.,  pp.  253,  353. 
"Carl's  Rep.,  1876,  XII.,  p.  13. 

*Wien.  Bcr.,  1874,  LXIX.,  (2),  p.  287;  LXX.  (2),  p.  213. 
•Bull,  of  the  U.  S.  Geol.  Surv.,  No.  54,  Washington,  1889  ;  Wied.   Ann.,  1889, 
XXXVI.,  p.  358. 
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adopting  the  transpiration  method  and  with  a  range  of  temperature 
from  0°  to  1303°  gave  to  n  the  value  two  thirds  for  air  and  hydrogen. 
Different  values  were  found  by  others  for  other  gases  and  Wiede- 
man  *  found  that  n  became  smaller  with  the  increase  of  temperature, 
a  fact  also  found  by  Holman.*  Schuman*  however  chose  to 
represent  the  change  by  a  formula  consisting  of  two  factors 
(i  +  Y&^y/  I  +  ab  from  the  consideration  that  the  viscosity  is  de- 
pendent upon  two  things,  the  molecular  free  path  and  the  molecular 
speed ;  and  while  this  satisfied  his  own  observations  founded  upon 
Maxwell's  method,  it  did  not  agree  with  those  of  Barus.  Suther- 
land *  taking  into  consideration  the  apparent  sphere  of  action  of  the 
molecules  as  distinguished  from  the  real  sphere  of  action,  changed 
the  first  factor  and  represented  the  change  by  the  equation, 


('  +  ») 


d  being  the  absolute  temperature,  a  the  coefficient  of  expansion  and 
c  a  constant  depending  on  the  attractive  forces  exerted  between  the 
molecules  when  near  together.  With  this  he  found  results  agreeing 
well  with  Barus  and  Holman. 

Vapors  as  distinguished  from  gases  proper  have  also  been  the 
subject  of  observations  to  determine  if  they  follow  the  laws  of  gases 
as  to  viscosity.  In  these  researches  L.  Meyer  *  and  Koch  *  have 
followed  the  transpiration  method  while  Puluj^  and  Schumann^  have 
used  the  oscillation  method  with  the  result  that  at  ordinary  pressures, 
like  true  gases  the  coefficient  of  viscosity  is  independent  of  the 
pressure.  However  the  formulae  given  for  true  gases  do  not  here 
represent  exactly  the  change  with  the  temperature  and  it  seems  that 

1  Arch.  d.  Sc.  Phys.  ct  Nat.,  1876,  LVI.,  p.  273. 

«Proc.  Amcr.  Acad.,  Boston,  1877,  XII.,  p.  i  ;  Phil.  Mag.  (5),  III.,  p.  81 ;  XXI., 
p.  199. 

*Wicd.  Ann.,  1884,  XXIII.,  p.  353. 

«Phil.  Mag.,  1893,  (5)»  202,  p.  507. 

sWied.  Ann.,  1879,  VII.,  p.  497  ;   1881,  XIII.,  p.  I  ;   1882,  XVI.,  pp.  369,  394. 

«Wied.  Ann.,  1883,  XIX.,  p.  857. 

'Wicn.  Bcr..  1878,  LXXVIIL,  (2),  p.  279;  Carl's  Report,  1878,  XIV.,  p.  573. 

■Wied.  Ann.,  1884,  XXIII.,  p.  353. 
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the  viscosity  changes  in  a  much  larger  ratio.  Attempts  to  justify 
this  disagreement  have  been  made  wherein  the  causes  which  make 
the  laws  of  a  perfect  gas  differ  from  the  laws  of  vapors  are  used 
for  a  basis  of  argument.  Of  these  perhaps  the  principal  one  which 
might  be  mentioned  is  the  phenomenon  of  dissociation. 

The  question  of  the  effect  of  electric  and  magnetic  fields  on  the 
viscosity  of  a  gas  has  not  as  yet  been  very  satisfactorily  determined, 
but  that  these  cause  no  effect  would  appear  from  the  results  of 
Pagliani  *  and  Noack.'  Koenig*  oscillated  crystal  spheres  in  a 
magnetic  field  but  the  effect  on  the  coefficient  of  viscosity  was  not 
apparently  considered.  Quincke  *  also  investigated  the  viscosity  of 
fluids  in  the  electric  field,  showing  an  increase  without  any  apparent 
change  in  the  period  of  swing  of  the  spheres.  To  these  results 
however  objection  was  made  by  Boltzman.*  The  results  of  the 
efforts  of  investigators  to  determine  the  Coefficient  of  Viscosity  of 
the  Air,  with  the  methods  used  by  them  may  be  seen  by  the  table 
on  p.  427. 

As  a  consequence  of  the  corrections  in  theory  and  through  the 
refinements  of  process  the  results  of  the  different  methods  while 
they  varied  widely  at  the  start,  have  been  brought  into  closer  har- 
mony. Since  no  new  method  differing  in  principle  from  these  has 
been  given,  the  only  available  way  of  testing  the  correctness  of  the 
results  is  in  a  variation  of  the  methods  at  hand.  The  method  of 
torsional  vibrations  seem  to  permit  of  a  wider  range  of  variation 
and  therefore  to  be  best  suited  to  such  a  purpose.  The  objections 
to  the  use  of  discs  however  has  been  mentioned  as  lying  in  the 
allowance  to  be  made  for  the  action  at  the  edge  of  the  disc ;  but 
the  improvement  of  method  in  substituting  several  in  place  of  the 
one  partly  obviated  this.  This  objection  would  not  of  course  hold 
if  a  spherical  surface  were  substituted  and  for  this  reason  as  well 
as  that  symmetry  renders  possible  a  rigorous  theoretical  develop- 
ment, the  sphere  or  spherical  shell  seems  best  suited  to  answer  the 
requirements. 

I  Ac.  Torino,  1885,  XX.,  p.  615  ;  1887,  XXII.,  p.  I. 
«Wied.  Ann.,  1886,  XXVII.,  p.  289. 
»  Wied.  Ann.,  1887,  XXXI.,  p.  273. 
*Wied.  Ann.,  1897,  LXII.,  p.  i. 
»Wicd.  Ann.,  1897,  LX.,  p   399. 
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Previous  Determinations  of  the  Coefficient  of  Viscosity  of  Air. 


Investigmtor. 

Method. 

Coef. 
C.  0.  8. 

1 

Temp. 

Siokes 

Baily's  Pendulum 

.000104 

Meyer 

Oscillation 

.000353 

0 

BessePs  Expcr. 

.000273 

Girault's     " 

.000384 

t«          «t 

.000360 

18 

Oscillation  (2®) 

.000333 

8.3 

«• 

.000323 

21.5 

t< 

.000366 

34.4 

Transpiration 

.000168 

0 

(t 

.000174 

0 

Maxwell 

Oscillation 

.000200 

18 

Puluj 

Transpiration 

t 

.000179 

0 

Von  Obennayer 

<• 

.000171 

0 

*( 

!       *< 
1 

.000168 

0 

Schumann 

Oscillation 

.000168 

0 

Schneebeli 

'  Transpiration 

.000171 

0 

Tomlinson 

1  Oscillation  (Cylinder) 

.000179 

12.02 

it 

1 

.000176 

10.64 

t« 

'             it 

.000177 

14.63 

<< 

t« 

1 

.000178 

11.69 

ti 

1         "           ( Spheres  \ 

.000176 

9.97 
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THE   EFFECT    OF   PRESSURE   ON   MAGNETIC 
INDUCTION. 

By  Fannie  Cornelia  Frisbie. 

THE  reciprocal  relations  existing  between  the  change  in  shape 
or  size  of  a  body  and  its  magnetization  are  so  striking  that 
they  excite  immediate  interest,  and  make  a  thorough  investigation 
of  these  relations  necessary  before  a  satisfactory  theoretical  expla- 
nation of  the  phenomena  of  magnetization  can  be  given.  As  different 
investigators  of  the  effect  of  hydrostatic  pressure  on  magnetic  per- 
meability have  obtained  contradictory  results,  it  was  thought  worth 
while  to  undertake  the  problem  in  a  new  way.  Before  describing 
the  method  used  it  will  be  well  to  survey  briefly  the  theoretical  and 
the  experimental  work  already  done. 

On  the  supposition  that  Poisson's  theory  of  induced  magnetism 
for  rigid  bodies  in  a  vacuum  is  correct,  Helmholtz  ^  ( 1 88 1)  deduced, 
with  the  aid  of  the  principle  of  conservation  of  energy,  expressions 
for  the  forces  which  act  between  the  particles  of  magnetic  or  dialec- 
tric  polarized  bodies.  These  agreed  with  those  of  Clerk  Max- 
well^ and  Sir  Wm.  Thomson,  except  that  they  contained,  beside 
the  coefficient  of  induction,  a  constant  which  depends  upon  the 
nature  of  the  medium,  and  which  is  determined  by  the  change 
which  it  undergoes  on  change  of  density.  Kirchoff^  (1884)  intro- 
duced another  constant  which  makes  it  possible  to  express  the 
change  experienced  by  induction  through  dilations  which  are  dif- 
ferent in  different  directions,  thus  applying  to  solid  bodies  as  well  as 
to  fluids. 

Drude  *  has  shown  from  purely  theoretical  considerations  that 
since  the  shape  of  a  body  is  altered  by  magnetization,  any  alteration 

*Wicd.  Ann.,  13,  p.  400;  Abhandlung,  I.,  p.  798. 

2  Electricity  and  Magnetism,  §  644. 

'Wied.  Ann.,  vol.  24,  p.  52;  Gesammelte  Abhandlung,  Nachtrag,  p.  91. 

*Physik  des  Aethers,  p.  156. 
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of  shape  or  size  should  change  the  value  of  the  coefficient  of  mag- 
netic permeability  of  the  body. 

It  is  found  that  change  in  the  state  of  magnetism  of  a  body  alters 
its  shape  and  size  in  various  ways  depending  upon  the  strength  of 
the  magnetizing  field.^  The  effect  is  to  increase  the  length  of  an 
iron  rod  or  ring  in  sniall  magnetizing  fields,  as  the  field  is  made 
stronger  the  increase  reaches  a  maximum,  falls  to  zero,  and  for  still 
stronger  fields  there  is  a  diminution  in  length.  It  is  found  that  ac- 
companying the  increase  in  length  there  is  a  decrease  in  thickness, 
and  this  led  the  early  investigators  to  conclude  that  there  was  no 
volume  change  due  to  magnetization  ;  later  experimenters  ^  have, 
however,  found  a  rapid  increase  of  volume  with  H^  the  magetizing 
force,  to  a  certain  point  after  which  it  increases  asymptotically. 

Since  there  was  found  to  be  a  deformation  of  a  body  with  an 
alteration  of  its  magnetization,  it  was  natural  that  one  should  next 
look  for  a  reciprocal  relation  between  the  two  phenomena,  and  it 
was  found  that  a  long  thin  rod  under  longitudinal  tension  under- 
went an  increase  of  magnetization'  until  the  magnetic  moment 
reached  a  certain  amount,  after  which  further  pull  produced  a 
diminution.  Longitudinal  and  also  transverse  pressure  produced 
effects  opposite  to  those  of  longitudinal  stretch. 

The  effects  of  hydrostatic  pressure  were  investigated  (1882)  by 
Wassmuth  *  who  placed  the  iron  rod  inside  a  thick  walled  tube 
which    he  filled  with    mercury.      Pressure  was   obtained   by  the 

»  Wiedemann,  l^hre  von  dcr  Electricitat,  III., pp. 703-714.  Joule,  Phil.  Mag.,  (3) 
30,  pp.  76,  225,  1847  ;  reprint  of  papers,  p.  235.  Cantonnc,  Mem.  d'R.  Accad.,  vol.  6, 
p.  487,  1890.  Bidwell,  Proc.  Roy.  See,  40,  pp.  109,  257,  1886 ;  43,  p.  406,  1888 ;  47, 
pp.  46-49,  1890;  56,  p.  94,  1894;  Phil.  Trans.,  vol.  179  A,  1888,  p.  205  ;  Beibl&tter, 
12,  p.  600.  Knott,  Proc.  Roy.  Soc.  Edin.,  19,  p.  249,  1892  ;  20.  pp.  290,  295,  334, 
1893-5  ;  Trans.  Roy.  Soc.  Edin.,  38,  p.  527,  1896. 

«Nagaoka  and  Honda,  Phil.  Mag.,  5,  vol.  37,  p.  131,  1894;  5,  vol.  46,  p.  261, 
1898  ;  Beibl.  18,  p.  595  ;  Wicd.  Ann.,  vol.  53,  p.  487,  1894. 

'Wiedemann,  Lehre  von  der  Electricitflt,  III.,  pp.  698-703.  Wertheim,  Compt. 
Rend.,  35,  p.  702,  1852  ;  Ann.  de  Chim.  ct  Phys.  (3),  50,  p.  385,  1857.  Matteucci, 
Ann.  dc  Chim.  et  Phys.  (3),  53,  p.  416,  1858.  Villari,  Pogg.  Ann.,  126,  p.  67,  1868. 
Sir  Wm.  Thomson,  Phil.  Trans.,  166,  p.  693,  1876;  Bcibl.  2,  pp.  362,  607;  Proc. 
Roy.  Soc,  23,  pp.  445,  473,  1875  ;  27,  p.  439,  1878.  Tomlinson,  Proc.  Roy.  Soc.  Lond. , 
42,  p.  224,  1887  ;  Bcibl.  II,  p.  659.  Ewing,  Beibl.,  13,  p.  186;  Phil.  Trans.,  179, 
333,  1888.  Chree,  Proc.  Roy.  Soc.  Lond.,  47,  p.  41,  1899;  Beibl.,  14,  p.  398;  Phil. 
Trans.,  181  A. 

*  Wicn.  Ber.,  86,  pp.  539,  550,  1882;  Beibl.  7,  p.  43,  1883. 
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expansion  of  the  mercury  when  heated  by  means  of  warm  water. 
One  end  of  the  glass  tube  was  drawn  out  to  a  capillary  from  which 
increase  of  pressure  was  observed.  The  glass  tube  was  surrounded 
by  a  solenoid  which  exerted  a  nearly  uniform  magnetizing  force 
upon  the  iron  rod.  The  intensity  of  magnetization  was  learned  by 
the  deflection  of  a  mirror.  He  found  that  with  increasing  hydro- 
static pressure  the  temporary  moment  in  general  decreased,  and  only 
increased  for  magnetizations  which  lie  near  the  maximum.  He 
estimated  that  he  had  about  ten  atmosphere  pressure.  Tomlinson  * 
(1887)  investigated  the  same  subject  and  obtained  negative  results. 
He  found  no  perceptible  change  either  in  the  magnetic  permeability 
of  soft  iron  or  in  the  permanent  magnetism  of  hard  steel  ;  but  at 
the  beginning  or  at  the  end  of  the  hydrostatic  pressure,  as  similarly 
with  longitudinal  compression  and  extension,  a  part  of  the  residual 
magnetism  vanished.  Nagaoka  and  Honda  again  obtained  positive 
results,  but  these  were  not  in  agreement  with  those  of  Wassmuth. 
They  had  two  similar  brass  tubes  containing  the  rods  to  be  ex- 
amined. About  the  tubes  were  wound  the  magnetizing  solenoids. 
The  tubes  were  filled  with  water  and  pressure  was  obtained  by 
means  of  a  Cailletet  pump.  A  magnetometer  placed  symmetrically 
with  regard  to  the  rods  was  adjusted  until  there  was  no  deflection, 
then  pressure  was  applied  to  one,  and  the  change  in  magnetization 
produced  a  deflection  of  the  magnetometer  which  could  be  observed. 
They  used  rods  and  ovoids  of  soft  iron  and  found  a  decrease  in  the 
magnetization  with  pressure  up  to  250  atmospheres,  using  a  mag- 
netizing field,  H,  from  5-5.5  c.g.s.  units.  They  calculated  from 
data  furnished  by  other  parts  of  their  series  of  experiments  on 
magnetostriction  the  result  to  which  Kirchoft's  theory  leads  and 
found  that  the  theory  calls  for  an  increase.  Their  series  of  experi- 
ments agreed  with  theory  for  the  most  part,  but  in  regard  to  the  effect 
of  hydrostatic  pressure  there  was  not  the  same  accord  between  ex- 
periment and  theory.  Unfortunately  they  make  no  statement  about 
the  condition  of  the  iron  and  its  previous  treatment. 

The  present  experiment  may  be  divided  into  two  parts  :  (i)  The 
investigation  of  the  effect  of  different  pressures  upon  each  of  the 
rings  with  a  constant  magnetizing  force  ;  and  also  the  influence 

*  Reference  already  given. 
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of  residual  magnetism  upon  the  results.  (2)  The  investigation  of 
the  effect  of  a  certain  pressure  when  magnetizing  forces  of  different 
strengths  are  exerted  upon  the  iron  ;  and  also  of  the  variation  of 
results  with  change  in  the  condition  of  the  iron. 

It  was  desired  to  avoid  all  end  effects  by  the  use  of  anchor  rings, 
to  secure  higher  pressure  than  the  other  experimenters  had  used 
and  to  test  the  effects  with  the  same  ring  under  various  conditions 
and  in  different  rings  of  the  same  material. 

To  obtain  the  pressure  a  special  form  of  apparatus  was  designed 
(see  Fig.  i)  consisting  of  two  parts  of  iron,  19  cm.  outside  diameter, 


II  nil 


c 


Fig.  1. 

with  walls  6.2  cm.  thick.  The  contact  surfaces  (.V)  were  well  ground 
and  the  iron  ring  {R)  was  placed  within,  then  the  two  parts  were 
joined  by  means  of  eight  five-eighth -inch  bolts,  thus  making  a  thick- 
walled  compartment.  The  connection  of  wires  was  made  by  means 
of  four  metal  plugs  terminating  on  either  side  in  binding  posts  (5) 
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and  insulated  by  taper  plugs  of  hard  rubber  which  passed  through 
one  end  of  the  cylinder.  A  plunger  in  the  other  end  was  the 
means  of  obtaining  pressure  and  the  cavity  was  filled  with  oil 
through  the  hole  for  the  plunger.  Resin  oil  was  used,  which 
besides  being  very  viscous  is  an  excellent  insulator.  To  avoid  air 
bubbles  the  cylinder  was  first  exhausted  by  an  aspirator  pump  and 
the  oil  was  then  forced  in  by  atmospheric  pressure.  A  copper  cap 
{C)  prevented  the  leakage  of  oil  around  the  plunger.  Great  diflfi- 
culty  was  experienced  in  making  the  cylinders  so  tight  that  the  de- 
sired pressure  could  be  obtained  without  leakage.  Various  materials 
were  tried  between  the  halves  but  the  tightest  joint  was  finally  se- 
cured by  having  the  contact  surfaces  well  ground.  At  first  a  slight 
smearing  of  vaseline  and  beeswax  was  used  but  later  even  this  was 
found  unnecessary.  The  pressure  obtained  was  read  directly  from 
the  gauge  which  registered  as  high  as  18,000  lbs.  per  sq.  in. 

The  three  rings  used  were  cut  as  nearly  alike  as  possible  from 
the  same  piece  of  Norway  iron.  They  were  wound  with  a  sec- 
ondary of  No.  36  silk-covered  copper  wire,  over  which  was  a  primary 
of  No.  24  silk-covered  copper  wire.  The  layers  were  insulated 
from  the  iron  and  from  one  another  by  windings  of  insulating 
paper.  Great  care  was  exercised  in  winding  that  no  wires  should 
overlap.  The  dimensions  and  the  data  concerning  the  three  rings 
used  are  given  in  the  following  table : 


Mean  outer  diameter. 
Mean  diameter  of  iron. 
No.  turns  in  primary. 
No.  turns  in  secondary. 


Ring  I. 


5.46  cm. 

.624 

203 
1,208 


Ring  II. 

5.41  cm. 

.623 

213 
1,310 


Ring  III. 

4.45  cm. 

.661 

203 
1,208 


The  galvanometer  used  was  a  D'Arsonval  ballistic. 

Parti,  —  Two  rings  were  placed  inside  two  pressure  cylinders, 
so  as  to  have  both  under  the  same  conditions,  and  their  primaries 
were  connected  in  series  with  the  desired  number  of  cells  of  the 
storage  battery,  a  resistance  and  an  ammeter.  The  direction  of 
throw  of  the  galvanometer  for  each  ring  when  the  primary  circuit 
was  made  or  broken  was  noted  ;  and  the  two  secondaries  were  then 
connected  in  series  with  the  galvanometer  in  such  a  way  that  the 
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two  throws  opposed  each  other.  It  was  then  observed  which  coil 
was  predominant  in  the  effect  and  a  series  of  readings  was  taken 
giving  the  throw  for  both  make  and  break  of  the  primary.  The 
plunger  of  the  cylinder  was  then  pressed  in  by  means  of  the  screw 
until  the  desired  amount  was  registered  by  the  gauge  and  another 
series  of  readings  was  taken  for  the  throw  under  the  given  pressure, 
after  which  a  new  set  of  zero  pressure  observations  was  recorded. 
The  difference  in  the  deflection  of  the  galvanometer  was  an  index  of 
the  change  of  induction  due  to  the  pressure  exerted  upon  the  iron 
core. 
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Fig.  2. 

To  ascertain  the  relative  amount  of  this  change  the  throw  for 
each  ring  was  observed  when  the  same  current  was  passed  through 
the  primary,  and  the  secondary  consisted  of  one  or  two  turns  ; 
then  the  throw  for  the  total  number  of  turns,  and  the  ratio  of  the 
change  in  induction  to  the  total  amount  could  be  calculated. 

In  taking  the  readings  it  was  found  that  the  first  throws  after  the 
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pressure  had  been  put  on  or  removed  were  not  in  agreement  with 
the  later  ones.  This  accords  with  Tomlinson's  observation  that 
part  of  the  residual  magnetism  is  lost  when  pressure  is  applied  or 
removed.  Before  recording  the  deflections,  the  circuit  was  made 
and  broken  a  sufficient  number  of  times  to  secure  a  steady  magnetic 
condition. 

A  correction  must  be  made  for  the  volume  change  due  to  the 
pressure.  To  make  this  the  value  for  the  modulus  of  elasticity  of 
wrought  iron  (=  25  x  lO*)  given  by  Wm.  Kent,  Handbuch,p.  314, 
was  assumed  and  the  correction  made  before  the  curves  were 
plotted. 

In  Fig.  2,  curves  I.,  II.,  III.,  are  shown  the  curves  of  the  three 
rings,  which  represent  the  means  of  results  of  readings  taken  on 
different  days.  It  is  seen  from  the  curves  that  although  the  per- 
centage of  change  varies  with  the  different  pieces  of  iron,  the  effect 
of  pressure  is  of  the  same  general  character  for  the  three  rings  ;  and 
with  a  magnetizing  force  of  from  12  to  16  absolute  units,  the  mag- 
netic permeability  of  iron  in  this  condition  is  increased  by  hydro- 
static pressure. 

The  following  is  a  table  of  the  results  plotted  in  Fig.  2,  curves 
I.,  II.  and  III.  Centimeters  change  in  deflection  and  the  percentage 
this  change  is  of  the  total  deflection  are  given,  also  the  corrected 
value,  taking  account  of  the  variation  of  volume  with  pressure. 
The  pressure  is  expressed  in  pounds  per  square  inch.  The  mag- 
netizing force,  H,  is  in  absolute  units. 


I 

.20 

.ea.  " 

jJcor. 

II 

.  ^=13.37. 

cor. 

III.  iV=  X6.XX. 

Pressure. 

cm. 

cm. 

1^         i 

i 

cm.           i,       1   ^cor. 

2,000 

.18 

.21 

.08   1     .09          .10 

4,000 

.36 

.40 

.42 

1 
1 

.18        .20         .22 

6,000 

.62 

.68 

.70 

.35        .39         .41 

8,000 

.86 

.95 

.98 

.51        .56         .59 

10,000 

1.15 

1.27 

1.31 

.08 

.08 

.12 

.76        .84         .88 

12,000 

1.35 

1.49 

1.54 

.18 

.17 

.22 

1.07      1.18       1.23 

14,000 

1.68  ; 

1.84 

1.90 

.26 

.25 

.31 

1.32      1.46   1    1.52 

16,000 

1 





1.52      1.68   1    1.74 

To  be  sure  that  the  change  in  the  amount  of  the  throw  was  not 
due  to  any  alteration  of  temperature  caused  by  the  pressure,  the 
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plunger  was  screwed  in  and  the  whole  apparatus  allowed  to  stand 
until  any  temperature  difference  would  have  been  equalized  by  con- 
duction, and  the  readings  then  taken  agreed  with  the  others. 

The  use  of  anchor  rings  made  it  possible  to  avoid  end  effects, 
but  the  method  was  open  to  the  objection  that  the  pressure  was 
exerted  upon  the  windings  as  well  as  upon  the  iron  core  itself,  and 
it  was  necessary  to  be  assured  that  the  effect  was  not  caused  by  this. 
A  brass  ring  of  the  same  dimensions  as  those  of  iron  described 
above,  and  with  similar  windings  on  it,  was  subjected  to  the  same 
treatment  as  the  iron  rings,  but  no  change  of  deflection  was  observed. 
To  test  it  in  another  way  a  balance  of  the  throws  was  obtained  by 
the  insertion  of  an  auxiliary  solenoid,  and  then  pressures  of  ten 
thousand  and  of  fourteen  thousand  pounds  were  applied  to  the  brass 
ring,  and  still  no  deflection  of  the  galvanometer  was  observed. 
This  showed  that  the  change  in  deflection  found  before  was  not  due 
to  any  changes  produced  in  the  windings  or  in  the  insulation  by 
pressure. 

Experiments  proved  that  the  position  of  the  plunger  within  the 
ring  had  no  effect  upon  the  amount  of  throw,  and  that  the  number 
of  layers  of  insulating  paper  between  the  successive  layers  of  wire 
was  immaterial,  and  also  that  the  change  in  the  compressed  ring 
was  independent  of  the  opposing  one  and  the  second  coil  served 
only  to  cut  down  the  deflection  caused  by  the  other  so  that  the 
change  could  be  observed. 

It  was  known  throughout  the  previous  observations  that  the  iron 
was  probably  almost  saturated  with  magnetism,  and  for  that  reason 
one  ring  was  carefully  demagnetized  by  a  gradually  diminishing 
alternating  current,  and  a  new  series  of  observations  was  made  with 
a  smaller  value  of  H  which  would  not  give  so  near  the  maximum 
value  of  the  intensity  of  magnetization.  Great  care  was  taken  to 
keep  the  current  steady  as  a  slight  change  in  the  magnetizing  force 
would  cause  a  decided  change  in  the  magnetization.  A  change  was 
also  made  in  the  method  as  the  throw  of  the  coil  was  diminished  by 
resistance  inserted  in  the  secondary  circuit  instead  of  by  means  of  a 
second  coil.  Each  set  of  observations  was  taken  with  the  current 
through  the  galvanometer  first  direct  and  then  reversed.  Curve 
IV.,  Fig.  2,  shows  the  results  obtained  for  ring  III.  after  it  had 
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been  demagnetized  and  treated  in  this  manner  whinl,    u 

when  the  iron  is  not  saturated  with  magnetiC^^  "^ 

change  is  greater.  *^  percentage 

Results  plotted  in  curve  IV.,  Fig.  2,  are  given  in  tK  '  r  ..     • 
table,  where  pressure  is  in  pounds  per  squfre  Tnih  '^V^""*"^ 
centage  change  observed  as  well  as  the  value  correct  ^"r        T' 
change  is  recorded.     Ring  III.  was  used  after  dem^n  .  . 

H^  9.67.  "^""^gnetization  and 


Pressure. 


Per  cent.  Change. 


4,000 

.39 

6,000 

.51 

8,000 

.89 

10,000 

1.06 

12,000        , 

1.58 

14.000 

2.42 

16.000 

3.05 

Per 


««nt.  Corrected. 

^41 

.53 

.92 
1.10 
1.63 
2.48 
3.11 


Fig.  3. 


Part  IL  -  As jn  the  last  observations  of  Part  I.  only  one  nW 
was  used,  and  the  deflection  was   cut  down  by  the  insertion  of 
resistance  m  the  secondary  circuit.     Instead  of  using  the  same  cur 
rent  and  taking  the  changes  in  deflection  for  various  pressures  the" 
current  was  varied  for  each  set  of  readings  and  the  pressure  was 
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each  time  made  the  same.  The  results  are  shown  in  Fig.  3, 
curves  V.  and  VI.  V.  shows  the  percentage  change  of  magnetic 
induction  produced  in  ring  III.  by  pressure  often  thousand  pounds 

Table  for  Fig,  j.     Curves   V,  and  VL  ;  Current  in  Amperes  and   Values  of  H  in 


Absolute  Units. 

Amperes. 

u 

!      Curve  V. 

xo,ooo  Pounds. 

Curve  VI. 

8,000  Pounds. 

1     i  Change. 

f(  Corrected. 

"r  ^.63" 

i  Change. 
1        -.24 

i  Corrected. 

.025          1 

.54 

-  .67 

-.21 

.045 

.97 

-  .66 

-  .62 

-.76 

-.73 

.075         1 

1.61 

;     -  .77 

i      -  .73 

-.90 

1        -.87 

.100         ' 

2.15 

1      -1.31 

-1.27 

1        -.78 

-.75 

.150         1 

3.22 

1      "  -^^ 

-  .67 

-.36 

-.33 

.200 

4.30 

1      -  .19 

-  .15 

1        -.18 

-.15 

.250 

5.37 

+  .05 

1       +  .09 

1        +.41 

+.44 

.300 

6.44 

-f  .56 

+  .60 

1        +.73 

+.76 

.350         1 

7.52 

+  .78 

+  .82 

+.69 

+.72 

.450 

9.67 

+1.11   ^ 

+1^5 

+.70 

+.70 

per  square  inch,  when  the  magnetizing  force  varied  from  .54  to 
9.67  c.g.s.  units.  VI.  represents  the  effect  of  eight  thousand 
pounds  pressure  for  the  same  ring  after  demagnetization. 
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FiK.  4. 
It  is  seen  in  both  cases  that  with  a  small  magnetizing  force  the 
magnetic   induction   decreases,   reaching   a   minimum    for   a  field 
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whose  strength  lies  between  1.6  and  2.1  absolute  units.  This 
diminution  grows  less  with  increasing  fields,  until  for  a  value  of  H 
about  4.5  or  4.8  it  shows  a  zero  change.  Further  strengthening 
of  the  magnetizing  field  results  in  an  increase,  which  seems  to 
approach  a  maximum  for  H  equal  to  approximately  9  c.g.s.  units 
with  eight  thousand  pounds  pressure,  and  for  a  slightly  larger  value 
when  the  pressure  is  ten  thousand  pounds. 

After  the  ring  had  been  very  carefully  annealed  another  series 
of  observations  gave  the  results  represented  in  curves  VII.  and  VIII., 
Fig.  4.  For  VII.,  as  the  iron  had  just  been  annealed,  there  was  no 
need  of  demagnetization ;  the  pressure  applied  was  thirteen  thous- 
and pounds  per  square  inch.  Before  the  readings  for  VIII.  were 
taken  the  ring  was  demagnetized  ;  the  pressure  in  this  case  was  ten 
thousand  pounds.     The  table  of  results  plotted  is  the  following : 


Amperes. 

^ 
^ 

Curve  VII.    i 
$  Change. 

3,000  Pounds. 
)( Corrected. 

Curve  VIII. 
+  1.14 

20,000  Pounds. 
)( Corrected. 

.025 

.54 

+2.10 

+2.15 

+1.18 

.045 

.97 

.54 

.59 

.68 

.72 

.075 

1.61 

.64 

.69 

.74 

1          .78 

.100 

2.15 

.46 

.51 

.55 

1          -^^ 

.150 

3.22 

.94 

.99 

.70 

.74 

.200 

4.30 

.89 

.94 

.63 

.67 

.250 

5.37 

.90 

.95 

.51 

1          .55 

.300 

6.44 

1.05 

1.10 

.37 

.41 

.350 

7.52 

.97 

1.02 

.37 

.41 

.450 

9.67 

.32 

.36 

It  is  interesting  to  note  on  comparison  of  these  values  with 
those  obtained  for  the  same  ring  before  it  was  annealed,  that  in  this 
case  the  change  is  an  increase  for  every  value  of  H  used,  and  that, 
with  the  exception  of  the  first  value  which  was  obtained  with  a  very 
small  current,  the  percentages  of  change  are  included  within  nar- 
rower limits  for  the  annealed  iron.  It  is  seen  that  the  second, 
third  and  fourth  points  of  the  curve  seem  to  give  a  slight  wave,  but 
it  was  felt  that  the  results  were  hardly  sufficiently  accurate  to  war- 
rant drawing  it  in.  Curiously  the  effect  of  ten  thousand  pounds 
pressure  diminishes  for  greater  strengths  of  the  field. 

Throughout  the  observations  great  care  was  taken  to  keep  the 
conditions  steady.     The  current   was  watched  carefully,  and  was 
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maintained  at  the  desired  value  by  a  slight  alteration  of  the  resis- 
tance in  the  primary  circuit.  The  pressure  was  kept  as  constant  as 
possible  during  the  time  required  for  the  observations. 

The  experiment  seems  to  warrant  the  following  conclusions : 

1.  The  application  of  hydrostatic  pressure  to  soft  iron  anchor 
rings  changes  the  coefficient  of  magnetic  permeability  of  the  iron, 
besides  altering  the  amount  of  residual  magnetism  when  the  pres- 
sure is  applied  or  removed.  The  amount  of  the  change  varies  for 
different  pieces  of  iron. 

2.  With  unannealed  iron  the  sign  of  the  change  depends  upon 
the  strength  of  the  magnetizing  field  ;  the  effect  in  small  fields  being 
a  decrease,  and  in  stronger  fields  an  increase ;  the  change  of  sign 
occurs  for  H ^  4.5  or  5  c.g.s.  units.  The  magnitude  of  the  alter- 
ation is  a  function  of  both  field  and  pressure. 

3.  With  annealed  iron  an  increase  is  found  for  pressure  with  all 
values  of  field  between  .54  and  9.67  absolute  units. 

The  results  with  the  unnealed  iron  are  in  agreement  with  those 
obtained  by  Wassmuth  in  his  experiment,  as  there  is  a  decrease  and 
then  an  increase  for  values  of  H  approaching  the  maximum  of  mag- 
netization. But  for  the  values  of  the  field  used  by  Nagaoka  and 
Honda  there  is  clearly  an  increase  for  iron,  annealed  and  unannealed 
whereas  they  obtained  only  a  decrease  in  magnetization,  which  was 
not  the  result  called  for  by  Kirchoff's  theory  and  their  own  experi- 
ments on  other  forms  of  magnetostriction.  The  results  of  this 
investigation  would  then  tend  to  support  the  theory  of  magnetism 
advanced  by  Kirchoff  for  annealed  soft  iron. 

The  author  wishes  to  express  her  indebtedness  to  Professor 
Michelson,  of  the  University  of  Chicago,  for  suggesting  the  problem, 
and  the  method  of  attack,  and  for  his  aid  throughout  the  investi- 
gation ;  to  Professors  Mann  and  Millikan  for  their  encouragement 
and  assistance  during  the  work  ;  and  to  Dr.  Jewett  who  assisted  in 
taking  the  final  observations,  and  made  the  drawings  for  this  article. 
Barnard  College. 
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Minutes  of  the  Twenty-Fourth  Meeting. 

THE  spring  meeting  of  the  Physical  Society  was  held  at  the  Cosmos 
Club,  Washington,  D.  C,  on  Friday,  April  22,   and  Saturday, 
April  23,  1904. 

The  following  papers  were  presented : 

1.  A  Study  of  the  Silver  Voltameter.     K.  E.  Guthe. 

2.  Some  new  Rectifying  Effects  in  Conducting  Gases.    P.  G.  Nutting. 

3.  The  Effect  of  Light  on  the  Absorption  and  Electrical  Conductivity 
of  Fluorescent  Liquids.     E.  L.  Nichols  and  Ernest  Merritt. 

4.  Some  Additions  to  the  Arc  Spectra  of  the  Alkali  Metals.  F.  A. 
Saunders. 

5.  The  Volumes  of  Solutions.     W.  F.  Magie. 

6.  Absolute  Electrodynamometers.     G.  W.  Patterson. 

7.  Induced  Radioactivity  due  to  Radium.     E.  P.  Adams. 

8.  The  Energy  Density,  the  Tension,  and  the  Pressure  in  a  Magnetic 
Field.     (Read  by  title.)     S.  J.  Barnett. 

9.  A  Recomparison  of  the  U.  S.  Prototype  Meter  at  the  International 
Bureau  of  Weights  and  Measures.     L.  A.  Fischer. 

10.  (a)  High  Temperature  Measurement  by  means  of  Optical  Pyrom- 
eters. (/^)  Note  on  Special  Problems  in  Optical  Pyrometry.  C.  W. 
Waidner  and  G.  K.  Burgess. 

11.  Apparatus  for  Platinum  Resistance  Thermometry.  C.  W.  Waidner 
and  H.  C.  Dickinson. 

12.  Intercom parison  of  Primary  Standard  Mercurial  Thermometers. 
C.  W.  Waidner  and  H.  C.  Dickinson. 

13.  The  Standard  Cell.     F.  A.  Wolff. 

14.  The  Peculiar  Behavior  of  Some  Resistance  Standards  and  Its  Ex- 
planation.    F.  A.  Wolff. 

15.  A  Direct  Reading  Apparatus  for  the  Calibration  of  Resistance 
Boxes.     F.  A.  Wolff. 
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16.  Absolute  Measurement   of  Capacity.     E.  B.  Rosa  and  F.   W. 
Grover. 

17.  Absolute  Measurement  of  Inductance.     E.  B.  Rosa  and  F.  W. 
Grover. 

18.  The  Testing  of  Mica  Condensers.    E.  B.  Rosa  and  F.  W.  Grover. 

19.  Testing  of  Alternating-Current  Instruments.     (Read   by  title.) 
E.  B.  Rosa  and  M.  G.  Lloyd. 

20.  Equilibrium  of  Vapor  Pressure  over  Curved  Surfaces.     (Read  by 
title.)     A.  A.  Bacon. 

Adjourned  at  i  P.  M.,  April  23. 

E.  B.  Rosa, 
Secretary  pro  tempore. 


A  Study  of  the  Silver  Voltameter.* 

By  K.  E.  Guthe. 

THE  unsatisfiactory  results  obtained  with  the  common  type  of  silver 
voltameter  have  led  to  the  impression  that  this  instrument  ^nnot 
be  regarded  as  very  reliable.  Recently  Richards  with  his  students  and 
Leduc  have  attempted  to  improve  the  instrument,  and  claim  to  have  ob- 
tained a  high  degree  of  accuracy.  The  present  investigation  was  under- 
taken in  order  to  compare  different  forms  and  subject  them  to  a  severe 
test. 

Richards  has  pointed  out  that  the  main  trouble  arises  from  the  forma- 
tion of  a  complex  ion  at  the  gnode  which,  when  transported  to  the 
kathode,  will  deposit  too  much  silver.  To  prevent  the  anode  liquid  from 
reaching  the  kathode,  he  surrounds  the  anode,  consisting  of  a  silver  rod, 
by  a  porous,  fine-grained  cup  and  keeps  the  level  of  the  electrolyte  in  this 
cup  always  lower  than  that  of  the  outside.  Leduc,  on  the  other  hand, 
hopes  to  prevent  the  formation  of  the  disturbing  ion  by  using  a  very  small 
current  density  at  the  anode,  and  he  therefore  employs  as  anode  a  mass  of 
granulated  silver  surrounded  by  filter  paper. 

The  experiments  described  show  (i)  that  the  usual  type  of  silver  vol- 
tameter is  not  a  very  reliable  instrument  for  measuring  quantity  of  elec- 
tricity;  (2)  that  Leduc's  type  does  not  prevent  the  formation  of  the 
complex  ion,  even  with  small  anode  current  density ;  (3)  that  the  use  of 
filter  paper  must  be  avoided  in  the  silver  voltameter ;  (4)  that  silver  in 
contact  with  the  anode  liquid  breaks  up  the  complex  ion. 

The  Richards  type  is  the  only  satisfactory  form  so  far  proposed  and 
gives  very  constant  results.     For  convenience  in  manipulation  this  type 

'  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  1904. 
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has  been  modified  in  such  a  way  as  to  avoid  the  necessity  of  removing,  by 
frequent  pipetting,  the  anode  liquid  from  the  bottom  of  the  porous  cups. 
Finely  divided  silver  was  placed  ai  the  bottom  of  the  cup  and  this  effec- 
tually removed  the  complex  ion.  In  order  to  insure  a  constant  resistance 
of  the  voltameter  it  was  found  necessary  to  surround  the  lower  part  of  the 
porous  cup  by  a  small  glass  beaker. 

A  second  type  proposed  by  the  author  is  the  large  silver  anode  vol- 
tameter. Granulated  silver  is  placed  in  a  layer  about  0.5  cm.  deep  at  the 
bottom  of  a  large  porous  cup ;  upon  this  is  pressed  the  silver  plate  form- 
ing the  anode  connection.  The  whole  is  immersed  into  the  platinum 
bowl  (the  kathode)  containing  neutral  20  per  cent,  solution  of  silver 
nitrate. 

To  test  the  degree  of  accuracy  which  may  be  obtained  with  these  vol- 
tameters in  a  number  of  independent  experiments,  the  instruments  were 
arranged  in  series  with  a  standard  resistance,  and  the  current  adjusted  so 
as  to  give  a  terminal  potential  difference  equal  to  the  E.M.F.  of  a  Weston 
cell,  which  was  used  throughout  the  investigation.  In  the  different  ex- 
periments resistance  standards  of  5,  2,  and  i  ohm  were  used,  and  in  one 
case  a  2  and  a-i  ohm  placed  in  parallel,  so  that  currents  ranging  from  0.2 
to  1.5  amperes  were  employed.  In  all  experiments  a  little  more  than  4 
grams  of  silver  was  deposited  at  the  kathode. 

The  results  obtained  with  the  Richards  type  and  the  two  designed  by 
the  author  were  very  consistent,  the  largest  variation  of  any  single  value 
from  the  mean  not  exceeding  i  in  20,000,  except  when  a  current  of  only 
o.  2  amperes  was  used.  The  experiments  in  this  case  lasted  five  hours  and 
the  deposits  became  too  heavy  due  on  account  of  diffusion  of  the  anode 
liquid  through  the  cups.  In  the  experiments  lasting  a  shorter  time  no 
such  difficulty  was  experienced. 

The  electrochemical  equivalent  of  silver,  expressed  in  terms  of  the 
present  standards  of  the  Bureau — ^assuming  that  the  Clark  cell  has  an 
E.M.F.  of  1.434  volts  at  15*^0.,  according  to  the  legal  specifications  — 
was  found  to  be  by — 

The  Richards  type 1.11682  mg.  per  coulomb. 

The  modified  Richards  type 1.11682   "      "         •* 

The  large  Anode  type 1.11683   "      *•         " 

Relative  comparison  with  other  forms  gave  for  the  usual  type  0.048 
per  cent.,  for  the  Ag,0  type,  employed  by  Patterson  and  Guthe  0.058 
per  cent,  larger  deposits. 

This  would  increase  the  electrochemical  equivalent  of  silver  as  deter- 
mined by  means  of  the  former  to  1. 11 736,  and  for  the  Ag,0  voltameter 
to  1. 1 1 747  mg.  per  coulomb;  this  agrees  well  with  the  results  of  Kahle, 
who  calculated,  taking  the  electrochemical  equivalent  as  1.118  mg.,  the 
E.M.F.  of  the  Clark  cell  to  1.43305  volt.  On  the  basis  stated  above 
the  electrochemical  equivalent  would  be  reduced  to  1.11726  mg. 


Digitized  by 


Google 


No.  6.]  THE  AMERICAX  PHYSICAL   SOCIETY.  447 

It  seems  highly  desirable  that  in  future  experiments,  especially  in  abso- 
lute measurements  of  current,  the  type  now  in  common  use  be  abandoned. 
Any  one  of  the  three  forms  mentioned  above  will  allow  a  degree  of  ac- 
curacy which  cannot  be  obtained  by  the  other  method. 
Bureau  of  Standards, 
Washington,  D.  C. 


The    Effect  of  Light  Upon  the  Absorption  and  the    Elec- 
trical Conductivity  of  Fluorescent  Solutions.* 

By  E.  L.  Nichols  and  Ernest  Merritt. 

IT  is  a  general  characteristic  of  fluorescent  bodies  that  the  light 
emitted  during  fluorescence  is  different  in  color  from  the  light 
which  the  body  absorbs,  and  to  which  the  fluorescence  is  due.  Al- 
though the  absorption  spectrum  and  the  fluorescence  spectrum  overlap 
they  do  not  coincide.  In  fact  the  fluorescence  spectrum  often  extends 
to  wave-lengths  for  which  the  absorption  of  the  substance,  as  ordinarily 
measured,  is  practically  nil.  Since  we  are  accustomed  to  the  view  that 
absorption  and  emission  are  converse  phenomena,  and  that  under  like 
conditions  a  substance  absorbs  the  same  rays  that  it  is  capable  of  emit- 
ting, it  is  therefore  natural  to  expect  that  the  absorbing  power  of  a  fluo- 
rescent body  will  be  modified  by  fluorescence. 

Such  an  effect  has,  in  fact,  been  observed  by  Burke,'  who  found  that 
the  absorption  of  uranium  glass  was  about  30  per  cent,  greater  when  the 
glass  was  brightly  fluorescent  than  when  its  absorption  was  determined 
under  ordinary  conditions.  The  light  used  in  Burke's  experiments  was 
that  due  to  the  fluorescence  of  a  second  piece  of  uranium  glass. 

The  writers  have  recently  investigated  the  influence  of  fluorescence 
upon  absorption  in  the  case  of  a  solution  of  fluorescein.  Measurements 
were  made  by  means  of  a  Lummer-Brodhun  spectro-photometer  for  a 
number  of  different  wave-lengths  throughout  the  region  in  which  the 
effect  was  observable.  Upon  plotting  the  results  it  was  found  that  the 
effect  of  fluorescence  is  to  introduce  a  new  and  well-defined  band  into 
the  absorption  sp>ectrum  of  the  solution,  the  extent  of  this  band  being 
approximately  that  of  the  spectrum  of  the  fluorescent  light.  In  the 
case  of  a  rather  dilute  solution  the  maximum  increase  in  absorption 
occurred  at  wave-length  .  507  /a.  When  fluorescence  was  excited  by  a 
group  of  four  acetylene  burners  the  increase  in  absorption  at  this  point 
amounted  to  67  per  cent.     In  a  more  concentrated  solution  the  region 

*  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  l*hysical  Society, 
April  22,  1904. 

'Philosophical  Transactions,  Vol.  191  (A),  p.  87,  1898. 
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of  greatest  increase  in  absorption  lies  further  toward  the  red,  and 
coincides  closely  with  the  edge  of  the  normal  absorption  band.  The 
percentage  absorption  due  to  fluorescence  was  found  to  be  a  function  of 
the  intensity  of  the  incident  light,  being  greatest  when  the  intensity  of 
the  incident  light  was  least. 

The  action  of  light  upon  a  fluorescent  substance  thus  produces  a  dis- 
tinct change  in  its  behavior.  It  appears  to  us  not  unlikely  that  this 
change  is  to  be  ascribed  to  some  type  of  temporary  dissociation  brought 
about  by  the  exciting  light.  If  this  view  is  correct  fluorescence  might 
result  from  the  violent  oscillations  that  would  probably  occur,  not 
only  at  the  instant  of  dissociation,  but  also  during  the  subsequent  recom- 
bination. A  temporary  change  in  the  absorbing  power  of  the  substance 
would  also  be  expected.  From  the  standpoint  of  the  electromagnetic 
theory  of  light  a  type  of  dissociation  which  results  in  splitting  up  the 
molecule  into  positive  and  negative  ions  seems  not  only  possible  but 
probable,  especially  in  the  case  of  substances  possessing  well-marked 
absorption  bands.  Such  a  dissociation  might  be  of  the  ordinary  elec- 
trolytic type,  or  it  might  be  similar  to  that  which  occurs  in  gases  under 
the  influence  of  Roentgen  rays.  In  either  case  it  would  produce  an 
increase  in  electrical  conductivity. 

We  have  investigated  the  effect  of  fluorescence  upon  conducting  power 
in  the  case  of  five  fluorescent  solutions,  each  of  which  shows  a  small  but 
perfectly  definite  increase  in  conductivity  when  illuminated.  During  the 
test  the  solutions  were  contained  in  a  glass  cell  whose  parallel  vertical  sides 
were  about  o.  i  mm.  apart.  The  electrodes  were  pieces  of  platinum  foil 
about  20  mm.  long.  They  were  mounted  vertically  and  were  approxi- 
mately 2  mm.  apart.  In  order  to  make  the  normal  conducting  power 
small,  absolute  alcohol  was  used  as  a  solvent.  The  solutions  were  made 
so  concentrated  that  the  fluorescence  was  confined  to  a  thin  layer  at  the  sur- 
face. Under  these  conditions  the  normal  resistance  of  the  cell,  without 
illumination,  ranged  from  1,000,000  ohms  in  the  case  of  fluorescein  to 
90,000  ohms  in  the  case  of  fuchsin.  The  electric  arc  was  used  as  a  source 
of  light.  Direct  illumination  of  the  cell  by  the  undispersed  rays  of  the  arc 
could  not  be  employed  on  account  of  the  heating  effect ;  even  when  the 
rays  were  passed  through  a  water  bath  the  change  in  resistance  due  to  rise  in 
temperature  was  considerably  greater  than  that  due  to  fluorescence.  The 
solution  to  be  tested  was  therefore  placed  in  the  spectrum  of  the  arc,  and 
no  further  disturbance  due  to  temperature  effects  was  experienced.  No 
change  in  resistance  was  observed  except  when  the  rays  falling  on  the 
solution  were  capable  of  producing  fluorescence  ;  and  the  maximum  in- 
crease in  conductivity  occurred  in  the  region  where  the  fluorescence  was 
brightest.  For  the  different  substances  tested  the  observed  increase  in 
conductivity  had  the  following  values  :  Eosin,  1. 1  per  cent.;  fluorescein. 
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o.  1 1  per  cent. ;  rhodamin,  o.  14  per  cent  ;  naphthalin  roth,  0.06  per  cent. ; 
cyanin,  0.59  per  cent.  In  the  case  of  an  alcoholic  solution  of  fuchsin, 
which  was  not  fluorescent,  no  change  in  resistance  was  observed,  although 
the  conditions  were  such  that  a  change  of  .008  per  cent,  could  have  been 
detected. 

The  Volumes  of  Solutions.' 
By  William  Francis  Magie. 

WHEN  a  solution  is  made  by  dissolving  a  salt  or  some  other  elec- 
trolyte in  water,  the  volume  of  the  solution  is  always  less  than 
the  sum  of  the  volumes  of  the  water  and  of  the  solid  which  was  dissolved. 
There  are  cases  in  which  the  volume  of  the  solution  is  less  than  that  of 
the  water  which  enters  into  it.  In  such  cases  certainly  a  condensation 
of  some  or  all  of  the  water  must  occur.  We  may  conceive  of  the  volume 
of  the  solution  as  made  up  of  three  parts  ;  ( i )  the  volume  of  that  portion 
of  the  water  which  is  not  within  the  sphere  of  influence  of  the  solute,  or 
which  is  not  associated  with  it;  (2)  the  volume  of  the  undissociated 
molecules  of  the  solute  and  of  the  water  associated  with  them  ;  (3)  the 
volume  of  the  dissociated  ions  of  the  solute  and  of  the  water  associated 
with  them.  From  this  conception  it  follows  that  the  volume  of  the  solu- 
tion may  be  represented  by  the  formula 

in  which  ^represents  the  volume  of  the  water  used  ;  «,  the  number  of 
gram  molecules  of  solute  ;  /,  the  number  of  these  gram -molecules  which 
are  dissociated  (in  case  «  =  i,  /  represents  the  dissociation  factor)  ;  and 
A  and  C  are  quantities  which  depend  respectively  on  the  undissociated 
molecules  of  the  solute,  and  on  the  dissociated  ions.  The  formula  is 
most  conveniently  tested  by  setting  ;7=i,  C^  A  ^  B,  and  using 
K=  W+  A  -f  Bp,  Comparison  with  the  experimental  data  shows  that 
for  each  solute  A  and  B  are  constants  over  a  considerable  range  of 
dilution. 

A  formula  of  this  form  has  been  applied  by  MacGregor '  to  the  density 
of  solutions.  The  density,  however,  is  not  an  additive  property,  and 
the  constants  obtained  do  not  admit  of  interpretation.  On  the  other 
hand,  we  may  fairly  assume  that,  so  long  as  the  solution  is  so  dilute  that 
a  considerable  portion  of  the  water  is  outside  the  range  of  action  of  the 
solute,  the  volume  of  the  solution  is  strictly  an  additive  property. 

Others  of  MacGregor's  results  are  obtained  by  the  use  of  the  formula 
on  additive  properties,  and  confirm  the  conception  of  a  solution  held  in 
this  paper. 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  IQ04. 

«Phil.  Mag.,  Jan.-June,  1897. 
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From  the  data  given  by  MacGregor  for  the  density  of  sodium  chloride 
solutions  we  may  calculate  the  amount  of  water  present  in  the  solutions 
of  various  strengths,  and  also  the  constants  A  and  B.  The  results  ob- 
tained when  the  formula  is  used  to  calculate  the  volumes  of  the  different 
solutions  are  exhibited  in  the  following  table.  In  this  table  the  column 
headed  n  contains  the  number  of  gram-molecules  of  sodium  chloride  in 
one  liter  of  solution.  The  column  headed  V  contains  the  calculated 
volumes  of  the  solutions,  which,  by  experiment,  should  be  uniformly 
I, GOO  c.c. 


Sodium  Chloridi, 

A 

=  a6.o6, 

B=-19, 

A 

=  96.06,  -ff=— xa. 

n 

^                 \ 

n 

1 

0.25 

999.89 

1.5 

999.55 

0.50 

1,000.04 

2.0 

1,000.08 

1.00 

1,000.00 

2.5 

999.99 

The  volume  of  one  gram-molecule  of  solid  sodium  chloride  ranges, 
according  to  the  various  determinations  of  the  density,  between  26  and 
27.  The  value  of  A  is  therefore  equal  to  the  molecular  volume  of  the 
solid  salt,  and  we  may  conclude  that  the  volume  of  the  undissociated 
molecule  of  salt  is  not  changed  on  solution,  and  that,  if  the  molecule  of 
salt  is  associated  with  molecules  of  water  their  volume  is  not  changed 
thereby.  1 

Calculations  on  data  furnished  by  Kohlrausch  and  Hallwachs '  confirm 
the  validity  of  the  formula  in  a  similar  manner.  In  most  cases  the  calcu- 
lated results  obtained  depart  from  the  observations  when  the  value  of  n  is 
greater  than  i. 

Thomsen*  furnished  data  expressed  in  a  different  way,  by  which  also 
the  validity  of  the  formula  may  be  illustrated.  In  the  following  tables 
the  column  headed  N  contains  the  number  of  gram -molecules  of  water 
used  to  dissolve  one  gram-molecule  of  the  solute.  The  column  headed 
/  contains  the  dissociation  factor,  obtained  from  Kohlrausch*s  tables  of 
conductivity.  The  other  columns  contain  the  observed  volumes  of  these 
solutions  and  the  volumes  calculated  with  the  formula. 


Sodium  Hydroxide, 

\                  >* 

5  =  -X5. 

Oba. 

N 

Gale. 

30 

50 

100 

200 

0.602 
.696 
.775 
.824 

537.9 

896.4 

1,795.9 

3,594.8 

538.0 

897.0 

1,795.4 

3,594.7 

»Wied.  Ann.,  50,  1893. 

*  Thcrmocheraische  Untersuchungcn,  vol.  I. 
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The  molecular  volume  of  solid  sodium  hydroxide  is  19,  greater  than 
the  value  of  A.  There  appears  to  be  a  considerable  shrinkage  either  of 
the  undissociated  molecule  or  of  water  molecules  associated  with  it. 

Ammonium  Chloride. 


■ 

A- 

=  43.5t 

5  = 

-7.5. 

■ 

N 

P 

Ob.. 

Calc. 

10 

0.593 

219.0 

219.1 

25 

.703 

488.2 

488.2 

SO 

.742 

937.8 

937.9 

100 

.777 

1,837.7 

1,837.7 

200 

.806 

1 

3,637.6 

3.637.5 

The  molecular  volume  of  the  solid  ammonium  chloride  is  35,  less  than 
the  value  of  A.  The  molecule  appears  to  increase  in  volume  on  solu- 
tion or  to  affect  the  associated  water  molecules  so  as  to  increase  their 
volume. 

Similar  calculations  on  other  data  given  by  Thomsen  confirm  the 
validity  of  the  formula  in  a  similar  manner. 

The  constant  C^=^  A  '\-  B  oi  the  formula  depends  on  the  dissociated 
ions  of  the  solute  and  on  the  water  associated  with  them.  In  case  the 
solute  is  one  which  divides  into  two  ions,  this  constant  is  the  sum  of  two 
similar  constants,  C^  and  C,,  which  depend  respectively  on  the  two  ions. 
If,  now,  we  know  the  values  of  C  for  two  solutes  which  have  a  common 
ion,  and  if  the  constant  C^  depending  on  this  common  ion  has  the  sam-* 
value  in  both  solutions  then  the  difference  of  the  values  of  C  for  the  two 
solutions,  or  C,  —  C,  will  depend  only  on  the  other  two  ions,  and  will 
be  the  same  for  any  pair  of  compounds  of  those  two  ions  with  a  common 
ion.  This  conclusion  from  the  hypothesis  is  illustrated  by  the  results 
contained  in  the  following  table,  in  which  are  given  the  values  of  C  for 
three  pairs  of  compounds  of  potassium  and  sodium  with  common  ions. 
The  differences  of  the  values  of  C  for  each  pair  are  very  nearly  equal. 

Values  of  C  and  Differences. 


KCl             23            1 

KOH             I 

KNO, 

35.5 

XaCl            14            1 

NaOH        -8 

NaNO, 

24.4 

Difference,     9 

9 

11.0 

It  has  been  shown '  that  a  formula  of  the  same  form  as  the  one 
illustrated  here  applies  to  the  heat  capacities  of  solutions.  Since  the 
heat  capacity  is  also  manifestly  an  additive  property  of  a  composite 
body,  this  serves  to  confirm  the  conception  of  the  nature  of  a  solution 
from  which  the  formula  was  deduced.     The  results  in  general  also  con- 

*  Bull.  Am.  Phys.  5>oc.,  vol.  2,  no.  2. 
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fimi  the  correctness  of  the  dissociation  factors  obtained  by  the  measure- 
ment of  conductivity. 

It  is  very  desirable  to  obtain  a  set  of  tables  of  conductivities,  or  of 
the  corresponding  dissociation  factors,  for  solutions  made  up  by  adding 
one  gram-molecule  of  the  solute  to  a  known  number  of  gram -molecules 
of  the  solvent.  The  theoretical  formulas  which  apply  to  solutions  imply 
the  use  of  such  solutions,  and  the  illustration  of  those  formulas  by  the 
data  which  exist  at  the  present  time  involves  tedious  and  somewhat  un- 
certain calculations.  Such  tables  would  be  far  more  convenient  for  the 
use  of  the  physicist  than  those  in  which  the  strength  of  the  solutions  is 
given  in  gram-molecules  per  liter. 


The  Energy  Density,   Tension  and  Pressure  in  a  Magnetic 

Field.* 
By  S.  J.  Barne'It. 

THE  general  expression  for  the  magnetic  energy  density  at  a  point  at 
which  the  induction  is  proportional  to  the  intensity  is  obtained  by 
equating  the  volume  integral  of  the  energy  density  in  the  field  of  a 
simple  circuit  in  a  medium  in  which  the  induction  is  everywhere  pro- 
portional to  the  intensity  to  half  the  product  of  the  current  in  the  circuit 
(expressed  as  ^;r  times  the  line  integral  of  the  magnetic  intensity 
around  it)  and  the  magnetic  flux  through  the  circuit,  and  comparing  the 
two  expressions. 

The  expressions  for  the  magnetic  tension  and  pressure  at  a  point  at 
which  the  induction  and  intensity  are  proportional  and  parallel  are 
simply  and  rigorously  obtained  by  the  application  to  simple  circuits  of 
Maxwell's  relations  between  the  change  in  the  electrokinetic  energy  of 
a  system,  with  constant  fluxes  or  constant  currents,  and  the  work  done 
by  the  electromagnetic  forces  when  the  system  undergoes  an  infini- 
tesimal change  of  configuration.  The  magnetic  pressure  is  also  deduced 
from  Ampere's  law. 


Some  Additions  to  the  Arc  Spectra  of  the  Alkali  Metals.* 

By  F.  a.  Saunders. 

LENARD*  discovered   by  means  of  a  slitless  spectroscope  a  new 
series  and  several  other  lines  in  the  spectrum  of  sodium.     The 
object  of  the  present  investigation  was  to  see  if  these  could  not  be  found 
'  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  1904. 

«Ann.  d.  Ph.,  ii,  p.  636,  1903. 
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by  ordinary  methods  if  the  apparatus  gave  spectra  free  from  astigmatism 
and  with  sufficient  economy  of  light.  A  Rowland  concave  grating  was 
used,  of  10  cm.  width  and  305  cm.  radius,  ruled  with  unusually  long 
lines  on  a  parabolic  surface.  The  light  from  the  slit  was  rendered  paral- 
lel before  reaching  the  grating  by  falling  on  a  10  cm.  parabolic  mirror. 
The  spectra  were  formed  150  cm.  from  the  grating,  along  a  curve  which 
is  nearly  a  circle  of  75  cm.  radius;  they  were  free  from  astigmatism,  at 
least  in  part,  and  were,  when  photographed  on  a  film  of  suitable  curva- 
ture, of  very  good  definition  over  a  space  of  25  cm.,  corresponding  to 
about  2,700  tenth-meters  in  the  first  order. 

The  purchase  of  this  apparatus  was  made  possible  by  the  generosity 
of  the  Rumford  Fund  Committee. 

Photographs  were  obtained  showing  Lenard*s  new  series  in  the  sodium 
spectrum  and  one  or  two  new  lines  not  mentioned  by  Lenard.  The 
series  lines  could  be  seen  as  pairs  of  diffuse  lines,  the  stronger  line  hav- 
ing the  greater  wave-length.  Careful  measurements  were  taken  of  the 
wave-lengths  of  these  lines.  Two  new  terms  were  added  to  the  scries  ; 
one  in  the  deep  red  (taken  by  a  three-hour  exposure  on  a  film  stained  with 
cyanin)  and  another  in  the  blue.  The  series  pairs  have  constant  wave- 
number  differences,  the  separation  being  about  0.85  that  of  the  subordi- 
nate series.  No  formula  has  as  yet  been  found  to  fit  the  series  unless  it 
has  four  arbitrary  constants ;  those  of  Kayser  and  Runge,  Rydberg,  Fow- 
ler and  Ritz  were  tried,  along  with  others,  modifications  of  these. 

Two  new  lines  have  been  found  in  the  spectrum  of  lithium,  which 
when  combined  with  the  line  at  4,636  measured  by  Hagenbach*  form  a 
new  series,  also  apparently  of  the  subordinate  type.  Its  lines  accom- 
pany those  of  the  first  subordinate  series,  perhaps  as  *  *  satellites  * '  though 
their  separation  from  the  parent  lines  is  considerable.  They  are  diffuse 
and  broadened  toward  the  red.  The  lithium  lines  near  4,602  appear  to 
admit  of  a  different  interpretation  from  that  given  by  Hagenbach.  It 
seems  easiest  to  explain  them  as  consisting  of  one  line  at  4,603.2, 
broadened  toward  the  red,  which  is  a  member  of  the  first  subordinate 
series,  and  a  line  at  4,601.6,  broadened  toward  the  violet,  analogous  to 
the  pair  in  the  sodium  spectrum  at  5,676  and  5,670. 

In  the  spectrum  of  potassium  one  new  line  has  been  found,  predicted 
by  Ritz,*  in  almost  exactly  the  predicted  place  (6,964.7).  It  is  one  of 
the  hitherto  missing  first  pair  of  the  first  subordinate  series,  which  is,  for 
some  obscure  reason,  very  faint.  The  other  member  of  this  pair  was 
not  found,  owing  to  the  broadening  of  the  line  at  6,938.8  near  which  it 
doubtless  lies. 

»  Ann.  d.  Ph.,  9,  p.  48,  1902. 
*Ann.  d.  Ph.,  12,  p.  264,  1903. 
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Two  new  lines  were  found  in  the  spectrum  of  rubidium ;  one  a  princi- 
pal series  line  at  3,158.7  (not  seen  as  a  pair)  and  a  very  diffuse  and  faint 
line  at  5,171,  which  with  5,234.6*  forms  a  pair  in  the  second  subordi- 
nate series.  No  other  new  lines  were  found  though  the  spectrum  was 
well  photographed  down  to  8,000  t-m. 

In  the  caesium  spectrum  five  new  lines  were  found,  one  at  7,944.7,  a 
member  of  the  second  subordinate  series,  predicted  by  Ritz,  and  the 
others  members  of  pairs  of  lines  with  constant  wave-number  differences, 
which,  combined  with  lines  previously  observed  and  not  belonging  to  the 
regular  series,  form  two  new  series  of  the  subordinate  type,  running  to 
the  same  end.  This  end  is  not,  however,  the  end  of  the  regular  series 
also,  but  is  somewhat  nearer  the  red.  These  lines  are  so  exceedingly 
diffuse  that  their  positions  cannot  be  measured  with  much  accuracy.  It 
seems  most  unlikely  from  their  appearance  that  they  can  be  due  to  any 
impurity.  It  does  not  appear  to  have  been  previously  noticed  that  the 
heavier  line  of  each  pair  in  the  first  subordinate  series  is  accompanied  by 
a  companion  (lines  all  observed  by  Ramage)  on  the  red  side,  forming  a 
"secondary"  series. 

In  all  the  above  spectra  several  lines  in  the  deepest  red  were  carefully 
measured  whenever  it  seemed  that  the  existing  measurements  could  be 
improved  upon.  The  results  differ  considerably  from  those  of  Lehmann,' 
in  some  cases  by  several  tenth-meters.  Special  precautions  were  taken  to 
avoid  errorrs  and  check  measurements  and  it  is  thought  that  in  this  case 
the  **  probable  "  error  and  the  **  possible  "  error  are  neither  more  than  a 
few  tenths  of  a  tenth-meter. 


The  Standard  Cell.^ 
By  F.  a.  Wolff,*  Jr. 

IN  the  paper  is  briefly  discussed  the  main  proposition,  which  will  be 
taken  up  by  the  Chamber  of  Delegates  in  the  St.  Louis  International 
Electrical  Congress  —  the  redefinition  of  the  fundamental  international 
electrical  units. 

At  the  Chicago  Congress  the  ohm  was  defined  in  terms  of  the  resist- 
ance of  a  column  of  mercury  of  specified  length  and  mass  and  at  a  speci- 
fied temperature  ;  theamptre  as  a  one  tenth  of  a  C.G.S.  electro -magnetic 
unit  and  as  being  represented  sufficiently  well  by  a  current  which  deposits 
silver  at  a  specified  rate  under  specified  conditions  ;  the  volt  in  terms  of 

1  Observed  by  Ramage,  Astrophys.  Jour.,  16,  p.  43,  1902. 
«  Ann.  d.  Ph.,  5,  p.  638,  1901. 

9  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  1904. 
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the  ohm  and  ampere  and  as  being  defined  sufficiently  well  in  terms  of  the 
Clark  standard  cell,  assuming  for  the  electromotive  force  of  the  latter  at 
15°  Centigrade  the  value  of  1.434  volts. 

While  it  was  supposed  that  these  definitions  would  serve  as  the  basis  for 
legislative  enactment  by  the  various  countries  represented,  few  have  taken 
definite  action  and  nearly  all  have  adopted  definitions  not  in  strict  accord 
with  the  above.     This  may  be  attributed  to  the  following  reasons : 

All  three  of  the  fundamental  units  are  defined  in  terms  of  concrete 
standards,  notwithstanding  that  they  are  connected  by  Ohm's  law. 

The  specifications  for  the  silver  voltameter  were  shown  to  be  entirely 
inadequate. 

The  assumed  vaUie  for  the  electromotive  force  of  the  Clark  cell  was 
shown  to  be  too  high  by  about  i  in  1,400. 

The  application  of  potentiometer  methods  and  the  improvement  in  the 
methods  for  measurement  of  low  resistance  standards  have  set  a  standard 
of  accuracy  for  relative  measurements  of  current  and  electromotive  force 
far  in  excess  of  that  fixed  by  the  reproducibility  of  the  fundamental 
standards. 

The  St.  Louis  Congress  will  therefore  most  likely  be  called  upon  to 
define  two  of  the  three  fundamental  electrical  units  in  terms  of  concrete 
standards,  in  which  case  the  third  will  be  defined  in  terms  of  the  other 
two.  The  definition  of  the  ohm  is  almost  free  from  criticism,  and  the 
choice  for  the  second  unit  lies  between  the  ampere  defined  in  terms  of 
the  electrochemical  equivalent  of  silver  and  the  volt  as  defined  in  terms 
of  the  electromotive  force  of  some  standard  cell.  The  great  superiority  of 
the  Weston  cadmium  cell  over  the  Clark  cell  would  seem  to  point  to  the 
entire  displacement  of  the  latter.  The  arguments  for  and  against  both 
propositions  are  reviewed,  the  deciding  argument  in  favor  of  the  adop- 
tion of  the  standard  cell  being  the  necessity  of  using  the  same  as  a  working 
standard  at  least  in  actual  practice,  owing  to  the  limited  range  of  appli- 
cation of  the  silver  voltameter,  even  if  the  reproducibility  of  the  cell 
should  be  somewhat  less  than  the  accuracy  of  silver  voltameter  deter- 
minations. As  the  reproducibility  of  the  cell  depends  upon  the  purity 
of  the  materials  employed  and  principally  upon  the  mercurous  sulphate, 
an  electrolytic  method  for  the  preparation  of  the  latter  material  was 
devised,  consisting  in  the  electrolysis  of  a  five  per  cent,  sulphuric  acid 
solution  between  mercury  electrodes,  the  solution  and  the  mercury  anode 
being  agitated  by  means  of  a  glass  stirrer.  (Practically  the  same  method 
was  described  independently  by  Carhart  and  Hulett  and  by  the  author  at 
the  annual  meeting  of  the  Electrochemical  Society  on  April  7,  1904.) 

Experiments  w  ih  Weston  cells  set  up  from  this  material  and  with 
single  electrode  cells  showed  that  the  elect rolytically  prepared  material 
gave  a  constant  electromotive  force  to  within  one  or  two  parts  in  100,000 
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and  values  about  two  tenths  millivolts  less  than  the  best  commercial 
samples  of  <^hemically  pure  mercurous  sulphate  washed  with  water 
in  accordance  with  the  Chicago  specifications.  This  difference  was 
shown  to  be  due  to  the  basic  mercurous  sulphate,  either  in  the  samples 
or  produced  by  the  action  of  the  water,  as  the  same  samples  when  treated 
with  ten  per  cent,  sulphuric  acid  and  washed  with  concentrated  neutral* 
ized  cadmium  sulphate  solution  gave  values  almost  in  agreement  with 
those  obtained  from  the  electrolytic  material.  In  addition,  samples  of 
electrolytic  mercurous  sulphate  treated  with  water,  thus  rendering  it 
basic,  gave  values  about  two  tenths  millivolts  higher  than  when  the 
sample  was  washed  directly  with  concentrated  neutralized  cadmium 
sulphate  solution.  The  cells  prepared  with  the  new  material  seemed  to 
come  to  a  state  of  equilibrium  immediately  after  setting  up,  which,  as  is 
well  known,  is  not  the  case  with  the  cells  prepared  from  commercial 
materials,  all  of  which  contain  at  least  traces  of  basic  mercuric  sulphate. 
This  may  be  attributed  to  the  presence  of  this  material,  which  is  slowly 
reduced  in  the  cell  and  which  is  also  removed  by  washing  with  ten  per 
cent,  sulphuric  acid,  and  which  if  added  to  the  electrolytic  mercurous 
sulphate  gives  values  considerably  in  excess  of  the  normal  values. 


A  Direct    Reading   Apparatus   for   Calibrating    Resistance 

Boxes.* 

By  F.  a.  Wolff,  Jr. 

IN  precision  comparisons  of  the  coils  of  resistance  boxes,  the  variable 
plug  and  other  contact  resistances  introduce  serious  errors  unless 
special  methods  involving  a  determination  of  such  connecting  resistances 
or  their  elimination  are  employed. 

The  method  described  by  the  author  consists  of  determining  the  rela- 
tive values  of  the  coils  belonging  to  a  decade  or  to  adjacent  decades  by 
shunting  these  coils  in  series  with  each  other  by  a  series  of  loo-ohm  coils, 
the  galvanometer  being  connected  in  turn  across  corresponding  points  of 
the  two  series.  The  apparatus  is  made  direct  reading  by  applying  a 
Kelvin-Varley  shunt  to  four  adjacent  coils  of  the  auxiliary  series,  the 
shunt  having  a  resistance  of  400  ohms  and  including  in  its  middle  portion 
a  bridge  wire  having  a  range  of  rb  i  per  cent. 

The  relative  values  of  the  coils  are  given  by  the  differences  in  the 
readings  obtained,  and  it  is  therefore  only  necessary  to  determine  the 
value  of  one  of  the  coils  of  the   series,  to   determine   the  values   of 

»  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  1904. 
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all  in  international  ohms.  The  method  is  applicable  to  boxes  in 
which  the  coils  may  be  put  in  series  and  in  which  a  galvanometer 
contact  may  be  applied  to  the  contact  blocks  to  which  the  coils  are 
attached.  In  the  series  plug  rheostats  this  may  be  accomphished  by 
means  of  a  split  plug,  one  half  of  which  is  composed  of  insulating 
material. 


The  Peculiar  Behavior  of  Some  Resistanxe  Standards  and 

Its  Explanation. 

By  F.  a.  Wolff,  Jr. 

SOME  years  ago  it  was  noticed  by  Professor  T.  C.  Mendenhall  and  by 
Professor  Benjamin  F.  Thomas,  that  certain  paraffin  insulated  re- 
sistance coils  showed  polarization  effects  due  to  the  application  of  the  test 
current.  The  same  behavior  is  noticed  occasionally,  even  with  coils 
insulated  by  shellacing  and  subsequent  baking,  and  is  to  be  attributed 
to  an  electrolytic  shunt,  the  polarization  of  which  causes  an  apparent  in- 
crease in  the  resistance  as  the  test  current  is  left  on.  On  the  reversal  of 
the  test  current  the  resistance  is  apparently  too  low,  but  gradually  in- 
creases to  its  former  value.  The  effect  is  produced  by  dipping  a  coil 
which  does  not  show  the  effect  in  water  and  is  eliminated  by  subsequent 
baking. 

Another  effect,  which  has  not  been  described  before,  manifests  itself 
by  a  decrease  in  resistance  as  the  test  current  is  left  on,  the  amount  of 
decrease  depending  upon  the  voltage  applied  to  the  coil.  The  variation 
is  irreversible,  depending  upon  the  previous  currents  and  their  direction, 
and  the  behavior  is  exactly  similar  to  that  of  a  coherer  resistance.  The 
effect  cannot  be  accounted  for  by  thermal  or  voltaic  electromotive  forces, 
and  probably  consists  of  a  coherer  shunt  to  a  portion  of  the  coil,  due  to 
a  metal  filing  imbedded  in  the  shellac  between  turns.  As  Branly  has 
shown,  such  coherer  effects  may  be  obtained  even  with  solid  dielectrics. 

>  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  22,  1904. 
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The  Induction  Motor,  lis  Theory  and  Design  Set  Fitrth  by  a  Practical 
Method  of  Calculation,  By  Henri  Boy  de  La  Tour.  Translated 
from  the  French  by  C.  O.  Mailloux.  McGraw  Publishing  Co.,  New 
York,  1903.     Pp.  1  4-  200. 

This  admirable  book  comprises  a  most  thorough  analysis  of  the  induc- 
tion motor.  The  graphical  and  mathematical  treatment  is  concrete  and 
is  made  practical  by  application  to  numerical  cases.  It  is  well  adopted 
to  the  uses  of  designing  engineers  and  engineering  students. 

The  translator,  while  respecting  the  individuality  and  originality  of 
the  author,  has  shown  considerable  interest  in  making  the  English  pre- 
sentation of  the  subject  as  good  as  possible.  He  is  to  be  commended  for 
his  careful  use  of  terms,  for  the  introduction  of  **  torque  "  (contrary  to 
the  general  custom  of  continental  writers)  and  for  the  use  of  the  **  max- 
well "  and  the  •*  gauss  *'  as  units  of  magnetic  flux  and  density.  We  look 
askance  at  the  statement :  **  The  terms  watted  power  and  wattless  power 
are  self  explanatory.''  Both  author  and  translator  show  themselves  to 
be  strong  believers  in  the  induction  motor.  Both  are  to  be  congratulated 
for  this  comprehensive  presentation  of  the  subject. 

F.  Bedell. 

Conductors  for  Electrical  Distribution  ;  their  Materials  and  Manu- 
facture^ The  Calculation  of  Circuits]  Pole-Line  Construction^  Uuder- 
ground  Working y  and  other  Uses,  By  F.  A.  C.  Perrine.  D.  Van 
Nostrand  Company,  New  York,  1 903.     Pp.  i  -f-  280. 

In  this  volume  the  subject  of  electrical  conductors  is  treated  from  two 
aspects,  that  of  manufacture  and  that  of  engineering,  two  aspects  so  dis- 
tinct that  we  would  criticise  the  bringing  of  the  two  together  were  it  not 
for  the  fact  that  the  author  is  peculiarly  fitted  to  treat  of  each. 

About  half  the  book  deals  with  the  art  of  wire  making.  Here  is  a 
fund  of  information  which  the  author's  experience  as  manufacturer  makes 
authoritative. 

The  remaining  half  deals  with  engineering  and  here  too  the  stamp  of 
the  writer  is  shown.  Well  known  work,  as  Kelvin's  law  of  economy  of 
conductors  is  clearly  treated.  The  chapters  on  line  calculations  form  the 
most  valuable  part  of  the  book.     The  method  of  treatment  first  given 
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by  Perrine  and  Baum  before  the  American  Institute  of  Electrical  Engi- 
neers in  1900  is  given  in  full.  This  treatment,  which  is  practically 
correct,  is  much  simpler  than  that  previously  given  by  various  writers  on 
the  theory  of  lines  with  distributed  self-induction  and  capacity. 

The  book  is  commended  to  the  student  and  the  transmission -line 
engineer. 

F.  Bedell. 

Ens^ineeting  Preliminaries  for  an  Interurban  Electric  Railway,  By 
Ernest  Gonzenbach.  McGraw  Publishing  Co.,  New  York,  1903. 
Pp.  I  +  71. 

This  is  a  brief  report  on  a  proposed  railway  in  the  Middle  West.  The 
author  states  that  it  is  not  to  be  construed  as  an  attempt  to  generalize, 
but  it  is  intended  to  show  the  way  in  which  certain  conditions  were  to 
be  met  in  a  certain  case.     The  field  of  the  book  is  obviously  limited. 

F.   B. 

Notes  on  Electric  Railway  Economics  and  Preliminary  Engineering. 

By  VV.  C.  GoTSHALL.     McGraw  Publishing  Co.,  New  York,  1903. 

Pp.    I  +  248. 

The  author  expresses  his  intention  to  consider  his  subject  broadly  and 
as  a  whole,  to  outline  the  work  of  the  electric  railway  engineer  during 
the  inaugurative  and  constructive  period  of  a  proposed  road,  and  to  give 
in  a  general  way  some  bases  upon  which  the  costs  of  construction,  prob- 
able traffic  and  ultimate  economic  results  of  the  proposed  railway  can  be 
guaged.  The  analysis  of  the  subject  is  well  made  and  the  treatment 
clear. 

F.  B. 
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